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This report contains the results of the analysis that was performed to

FOREWORD

determine the implication ot using the Shuttle with the Space Operations

Center (SOC).

This effort was performed under Contract Number NAS9-16153, by the Space

Operations and Satellite Systems Division of Rockwell International for the
National Aeronautics and Space Administration, Johnson Space Center.

The

study was admiaistered under the technical direction of the Contracting

Officers Representative (COR), Mr. S. H. Nassiff, Program Development
Office, Engineering and Development Directorate, Johnson Space Center.

The study was performed under the direction of Ellis Katz and A. J.
Stefan, Study Managevrs. The following persons made significant
contributions to the completion of the analysis.
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INTRODUCTION

Tae Space Operations Cepter (SJC) is conceivad as a permanent facility
in low earth orbit incorporating capabilities for apace systens
construction; space v-::2le assembly, launching, recovery and servicing; and
the servicing of co-orbiting satellites.

The Shuttle Transportation System (STS) is an integral elesment of the
SOC corsept. It will transport the various elements of the SOC into space
and support the assembly operatioa. Subsequently, it will regularly service
the SOC with crew rotations, crew supplies, comstruction materials,
cons{ruction equipment and components, space vehicle elements, and
propellants and spare parts.

This report contains the recults of the study that analyzed, in a
preliminary fashion, the implication of using the Shuttle with the SOC,
including constraints that the Shuttle will place upon the SOC design. The
study identifies the cons.derations involved in the use of the Shuttle as a
part of the SOC concept, and also identifies the consiraintas to the SOC
imposed by the Shuttle in its interactions with the SOC, and on the design
or technical solucions which allow satisfactory accomplishment of the
interactions.

STUDY TASKS

Fiveo specific task areas were identified for study. These tasks are
indicated i1n Table I-1 along with the princiral issues associated with ecch
taske.

TABLE I-1 STUDY TASKS

TASK SSUES
® AT WHAT ALTITUDE SNOULD THE SOC OPLRATE WHILE BEING COMPATIBLF
1.0 ORBITAL ALTITUDE WITH THE SHUTTLE CAPABILITIES?
® IS A STANDARD BERTHING/DOCKING INTERFACE FEASISLE?
2.0 BERTHING AMD/OR ® CAN THE ORBITER DOCK 1. THE SOC?
DOCKING ® CAN HE ORBITER BERTH TO THZ SOC USING THE RMS?
® WHAT EQUIPMENT AND OPERATIONS ARE REQUIRED FOR THE SHUTTLE TO
3.0 SOC ASSEMBLY ASSEMBLE THE SOC?

® WHAT ARE THZ IMPL'CATIONS TO THE SOC ELEMENTS?

© WHAT ARE THE IMPLICATIONS OF SOC RESUPPLY VIA THE LOGISTICS
MODULE AND THE SHUTTLE?

® WHAT ARE THE IMPLICATIINS OF TRANSFERRING PROPELLANTS FROM THE
0 SICRESIPRLY D | *H A R I
® DEVELOP A SHUTTLE LOGISTICS MODEL
® WHAT ARE THE IMPLICATIONS TO THE SOC YO PROvIDE SPACECRAFT
5.0 FLIGHT SUPP SERVICING
* Ll U ORT ® WHAT ARE THE IMPLILATIONS TO THE SHUTTLE TO PROVIDE

FACILITY SPACECRAFT SERVICING?
® WKAT ARE THE SPACE-BASED VEMICLE REQUIREMENTS?

I-1
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SPACECRAFT CONFIGURATIONS

The reference SOC configuration supplied by NASA/JSC was utilized as the
2odel for this study, Figure I-1. Changes to the configuration were only
impnsed when the task implications so indicated. Two OTV concepts were
utilized as models fo~ the analysis, a parallel stage arrangement thet was
developed from the manned OTV study by Grumman Aerospace Corporation for
NASA/JSC, Figure I-2, and a tandem stage concept, Figure 1-3, developed from
the Future GTV Technology Study by Boeing Aerospace Coiporaticn for
FASA/LARC. Basic configuration and opurational characteristics of the OTV
stages were mutually developed with Rockwell International, Boeing Aerospace

Corporation, and NASA/JSC. These characteristics are listed in Section 5.0
Flight Support Facility.

REPORT ORGARIZATION

This report is organized into five basic sections that correspond to the
five tasks previously described. A conclusion section will summarize the
implications to the SOC and to the orbiter, and will describe the

requirements imposed on the OTV as a result of the space based servicing
operations.

. CONSTRUCTION
n7m i MODULE
(462 In.) B (RCF-SCAFE)
- SERVICE
Nym MODULE 2
L ¢ é (462 in.) T
ats A e —— |
o 4" MN7m ? [
452 In,
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i
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isoe j@am T O[] ’ sou
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in) | MODULE 10m - 124 - RADIATOR
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¢ FOR CTV
(- | OTER tvs oA STAGE ASSY SYSTEM
- —k . 4bm
SIDE VIEW {400 in.) £t O VIEW
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1.0 ORBITAL ALTITUDE

1.1 SUMMARY

The Space Operations Center (SOC) 1s planned as & versatile permanently
manned base in low earth orbit. The space shuttle will resupply the SOC on
a regular basis to support a wide variety of missions. Orbit transfer
vehicles (OTV) will be refueled and serviced at the SOC to carry payloads on
missions to higher energy orvits and large svace systems, too large for
aingle flight delivery ir the orbiter bay, will be erected, assembled and/or
constructed on special 30C facilities.

- e s

The size, complexity and value of the Space Operations Center and the
associated space systems requires that a careful and detailed analysis be
performed to determine preferred operating altitudes. The objective of Task
1.0, then, is to seek out the most effective orbit altitude strategy for the
SOC which utilizes the maximum potential of the Space Shuttle and at the
same time provides adequate safety and an efficient operating base for
staging OTV missions. ,

There are a number of factors which can influence the selection of SOC
orbit altitude. The most prominent of these are shown symbollically in
Figure 1.1. The nature of their sffects are highlighted in the following
discussion. First, the delivery system performance for SOC resupply is of
obvious importance. Payload performance drops off with altitude for all
launch systems and affects the number of flights required to deliver a given
amount of cargo. Thus, the specific performance chairacteristics of the
standard shuttle and later thrust augmented versions as well as other
logistics modes such as tug assisted concepts can affect the desired SOC
orbit altitude. Generally, the shallower the slope of payload drop off with
altitude the higher the preferred operating orbit will bte. This i1s because
at the lower altitudes where payload delivery performance 1s high, the drag
forczs acting on the SOC are also high, thereby requiring large quantities
of orbit makeup propellant.

The actual amount of required propellant and hence 1ts importance in
altitude determinction 1s influenced by several factors. They are
atmospheric density, which varies dramatically over the 11 year solar cycle
period, the drag configuration of the SOC, whicn can also vary depending
upon construction project and OTV activity levels, and the SOC propulsion
system spec:fic i1mpulse. The balance between these two basic effects,
delaivery performance drop off at high altitudes and high drag makeup
propellants at low altitudes determine the optimum logistics altitude
requiring .he least number of delivery flights.

Howevar, these factors are further influenced by the amount and nature
of the SOC logistics traffic. High traffic levels mean the Sauttle delavery
performance begins to outweigh the orbit makeup propellant effects on
optimum altivude, and for high traffic levels the optimum altrtude will be
lower. The actual altitude will also be influenced by the packaged density
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characteristics of the logistics cargo. Volume limited cargo can be carried
to higher orbit altitudes, thus putting a "biras” in the delivery performance
effects on the optimum orbit altitude.

{
SHUTTLE DELIVERY LOGISTICS DELIVERY ATMOSPHERIC SOC BALLISTIC(_W
PERFORMANCE L MODE DENSITY COEFF (EDT) .
%\;—_—_’> v ¢
i 10 PSF
_SHUTTLE DIRECT TO
SOC
ow
L. 10-75 PSF

*STD ORBITER 255 CONSTRUCTION
o AUGMENTED ORBITER TUG ASSIST 1 PSE

SOC PROPULSION LOGISTICS TRAFFIC LOGISTICS PAYLOAD ORBIT DECAY

lsp LEVELS CHARACTERISTICS LIFE CRITERIA
LB PER YEAR

_ - ~ - o REF ATMOS

' - WT LIMITED o SPECIFIED
< LIFE
MAKEUP ngl <;:;;7
av = //
=a
lgp = 230 SEC / VOL LIMITED

FIGURE 1.1 SOC ORBIT ALTITUDE FACTORS

Superimposed on all of the above factors is the need for orbital
safety. A apecified orbit decay life criteria will set altitude limits,
which at times, depending upon the actual criteria selected and the
prevailing SOC logistics environment, may be the governing condition.

The analysis of these factors and thear irteractions resulted in the
following principal conclusions which are highlighted below along with brief
substantiating text.

A Variadle Altitude Strategy 13 Recommended for SOC Opercation

A variable altitude strategy as depicted in Figure 1.2 combines safety
with logistics efficiency. During periods of unusually high solar activity
the SOC orbit altitude would be adjusted upward to maintain the 90-day orbit
decay l1fe criteria required for orbital safety. However, most of the time,
when solar activity levels follow their nominal 11 year cycle trends, the
SOC altitude can be greatly ~educed to take advantage of the greater shuttle
payload delivery capability at low altitudes. This improves the logistics
efficiency by reducing the number of shattle flights required to deliver a
given amount of SOC cargo. Further, the actual operating altitude can be —~
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optimiged for the prevailing atmospheric density and amount of SOC
logistics traffic scheduled. This variable altitude approach can save 10 to
15 percent in the number of required shuttle flights to SOC compared to a
constant altitude concept which must be besed on the worst case decay
environment and hence must always fly at a high altitude. Thus, a variable
altitude strategy is recommendec.

The Standard Orbiter can do the Job

The currently projected modular elements of the SOC configuration, such
as the service modules, the habitability modules, etc., can all be delivered
to orbit by the standard shuttle. These various modules, logically sized
for their respective SOC mission roles, fit within the orbiter cargo bay and
are well within the payload delivery capability of the standard shuttle.
Normal SOC resupply, OTV propellants and other SOC cargo can also be
delivered by the standard shuttle.

The extra payload capability of the thrust augmented shuttle is not
needed for the delivery of the SOC modules. However, if cost effective 1n
terms of dollars per pound to orbit, it may prove to be more efficient for
OTV propellant deliveries, but even here the standard shuttle is
sufficient. The optimum SOC altitude is about 18 Km (10 nmi) higher wath
the augmented thrust shuttle, but varies with logistics traffic levels and
density in the same manner as the standard shuttle. Therefore, both the
standard and augmented shuttles are compatible with the variable altitude
strategy.

Thus, while gains 1in logist:cs efficiency for weight limited payloads

such as OTV propellant deliver:es may be attainable with the thrust
augmented shuttle the standard shuttle can do an adequate job. A special
new delivery system 1s not reguired for the SOC.

USE VARIABLE ALTITUDE STRATEGY

o FLY HI FOR /

HI DENSITY ATMOS
LOW SOC TRAFFIC

@ FLY LO FOR
LOW DENSITY ATMOS
Hi SOC TRAFFIC

FIGURE 1.2 SOC ORBIT ALTITUDE STRATEGY
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Direct Shuttle Delivery is the Recommended SOC Logistics Mode

Three basic SOC logistics modes were investigated. They are: (1)
direct shuttle delivery in which all carge 1s carried direct to the SOC in
the orbiter bay, (2) tug agssisted delivery in which all SOC cargo plus %ug
propellants are delivered by the Shuttle to 275 Km (150n.mi, maximum shuttle
altitude with 65K 1b. payload) where they are transferred to a SOC based tug
for subsequent delivery to the SOC and (3) an OTV flydown mode where the
basic SOC resupply cargo is still delivered direct to SOC by the shuttle,
but OTV propellants and payloads are delivered to 275 Km where they are
transferred to an OTV which was earlier flown down from the SOC. In this
mode the OTV always returns to the SOC for servicing after a GEO mission and
is flown down to the 275 Km refueling altitude at the beginning of the next
mission.

The overall logistics performance of these three modes 13 nearly equal
(less than 2% spread) over a wide range of traffic levels. The extra
rendezvous AV's for the tug mission profile and the occasional extra
shuttle flight to return the tug for ground refurbishment nearly negates the
theoretical gains from not flying the heavy orbiter all the way to SOC
altitudes. Similar negating factors occur with the OTV flydown mode
including the extra AV required to stage GEO missions from 275 Km over
that from higher altitudes.

Thus, because of the nearby equal performance of all modes and the major
operational complexities introduced by the alternative modes, direct shuttle
delivery is recommended for SOC.

1.2 THE SOC CONFIGURATION MODEL

The fully operational SOC configuration as illustrated in Figure 1.3 and
the corresponding aerodynamic characteristics were used for the SOC orbit
analysis. The SOC was considered to be normally flown in an Earth oriented
attitude. This flight mode 18 with the -Z axis always pointing towards the
Earth and the +X ax1s along the orbital velocity vector. However, the large
solar arrays, that dominate the aerodynamic drag, are essentially inertially
oriented i1n order to be able to track the sun for maximum effectiveness.

The instantaneous frontal area exposed to the free molecular flow 1s thus
not only dependent on the location of the SOC in 1ts orbit, but 1s also
dependent on the location of the sun with respect to the SOC orbit plane.

The greatest solar array area exposed to the flow would occur when the sun
18 1n the orbit plane. The frequency in days of this geometric alignment is
given by

180
1 + 2.3825X10'%cos 1

3.5
SAT

FNSA =

R
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FIGURE 1.3 SOC REFERENCE CONFIGURATION

For a low altitude (180-400 km) orbit inclined at 28.5 degrees to the
equator this event would occur appr~ximately every 20-22 days.

The average ballistic coefficient for the SOC including the above
factors was determined using the JSC provided data in Tables 1.1 and 1.2.
Table 1.1 shows the serodynamic force and moment coefficients for the
complete SOC configuration as a function of angle of attack (a). This
presumes that solar arrays remain fixed in the X-Y body axis plane. Thus,
the effects of solar array rotation to maintain sun tracking are not
1ncluded. These effects are presented in Table 1.2. The overall, long-term
average drag coefficient for SOC was determined in two basic steps, the
first to calculate the solar array sun tracking effects for a sun B-angle
of O and then to incorporate the effects of B-angle variations (O to 52
degrees for an orbit inclination of 28.5 degrees).

For B=0 the average “per orbit" drag coefficient can be expressed as:

c c 2
D = "D .~ + = (AC -AC )
avg a=0 3_90 Da=0 solar array
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Where:

c is the total SOC drag at a=0
D
a=0
Cp" 3.6266 (from Table 1.l)
a=0
ACD is the drag of one side of the solar array at a=90°'
a=0
AC_ = 4.0888 (from Table 1.2)
D
a=90
ACD is the drag of one side of the solar array at a=0°
a=0

ACD = 0.4312 (from Table 1.2)
a=0

2 is the sine wave averaging factor.
L]

As indicated above, the ACp values in Table 1.2 are for half of the
solar array and must be doubled to determine the total drag coefficient.
Thus, the average drag coefficient for the to.ul SOC configuration at 3=0
is:

C

2
Davg 3.6266 +

3 (4.0B88-0.4312)x2 = 9.146 (B = 0)

G .
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TABLE 1.1 SOC AERODYNAMIC CHARACTERISTICS
FOR REFERENCE CONFIGURATION

g) ROLL ANGLE = 0°

AREA = 2690 FT2  Lppp = S8.52 FT  ALTITUDE = 265 NMI
MOMENT REFERENCE CENTER AT X, ¥, Z = 0, 0, O

ALPHA CA CN CY CD C. Cn Cl
00 3 6266 0 0004 -0 0027 3 8266 -0 2928 0 1519 -3.0003
109 4 0537 0 9591 -0 0026 4.1585 -0 9153 0 1480 -0 0240
20.0 4 9247 2 1378 ~0 0046 5 3588 -1 6157 0 1386 -0 0447
30.0 5 a2t6 3.5639 -0.0049 6.477t -2 4657 Q.19 =0 0604
40.0 5 4374 5 0823 -0 0039 7 4473 -3 3861 0 0969 -0 0634
50.0 5.1140 6.6458 -0 008 8 3780 ~4.4730 0.0604 -0 0675
60.0 4.2381 7 9616 -0 0017 9 0239 =5 3411 0.0287 -0.0462
70.0 3.0..0 8.9220 =0.0032 9 4214 -5.9533% 0 0127 -0 0250
8 0 1 5860 9 4771 -0 0044 9 €083 -6.3169 0 0048 -0 0026
$0.0 =-0.2023 9 7807 -0 0036 9 7807 -6 3663 0.0002 0.0151

100 Q -1 5747 9.4319 -0 0012 9 5619 -6.3719 -0 0073 Q 0009

110.0 -2 9943 8.8179 0 0013 9.3101 -6 0677 -0 0204 -0 0184

120 © -4 2093 7 8718 0 0026 8.9217 -3 4228 -0 0419 -0 0409

130 0 -5 07C6 6 5500 Q0 0006 8 3074 -4.5114 -0 0645 -0 0558

140 O -5 4567 S 0734 0 0035 5 441l -3 3760 -0 0934 ~0 0600

150 0 -5 4099 3.5462 0 C049 6 4582 -2 2841 «0.1136 -0 052y

160 0 -4 8937 2 1094 0 0020 5 3200 -1 2153 -0 1296 -0 0405

170 0 -4 0348 0 9464 0 0026 4 1378 -0 3372 -0 1482 -0 0439

180 0 -3 6592 0 00tt 0 0083 3 6592 0 3429 -0 1603 -0 0036

190.0 -4 0772 -0 9558 0 0043 4 1812 0 9099 -0 1474 J 0170

200 9 -4 8656 -2 H6l 0 0049 5 3147 1 5607 -0 1474 0 0381

2100 =5 4285 ~3.5605 0 0011 6 4814 2 7 -0 1248 ¢ 0538

220 0 -3 5281 -5 1280 -0 0028 7 5309 3 3984 =0 090¢ 0 0602

230.0 =5 159t -6 6843 -0 0055 8 1366 4 5034 -0.0664 0 0653

240 0 -4 2772 -7 9724 -0 0056 9 0429 5 32719 -0 0356 0 0469

250 0 -3 02n -8 3930 -0 0017 9 3920 5 8867 -0 0185 0 0238

260 O -t 5687 -9 47 -0 0011 9 5463 6 2379 -C 0052 -0 0060

2/0.0 -0 0014 -9 6792 -0 0050 9 6792 6 4765 0 0020 =0 0261

280 0 1 5599 -9 3960 -0 0033 9 5240 6 3863 J 0034 -0 0035

290.0 2 9739 -8 773 =0 0050 9 26i6 6 0797 0 0127 Q 0197

300 O 4 1849 -7 8346 -0 0029 a8 8774 5416 0 0262 0 0378

3100 5.0581 -6 5863 -0 0023 8 29565 4 5964 ¢ 0528 0 0528

320 0 5 4306 -5 0617 =0 0068 7 4136 3 4380 0 0863 0 0594

3% 0 3 386t -3 5400 =0 0054 6 4343 2 3693 0 1070 0 0526

340 0 4 8112 -2 0940 -3 0033 5 2372 b 3157 0 1253 0 0388

330 0 4 0138 -0 9497 -0 0039 4 1n 0 4094 0 1455 0 0219

360 0 3 6266 J 0004 -0 0927 3 6266 =0 2928 0 1519 «0 2005
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TABLE 1.2 SOC SOLAR PANEL AERODYNAMIC CHARACTERISTICS

Men, s 290 P L - SBSZFT NTITVR « 265N R
MOMENT SEFERENCE CENTER AT X, Y, 2= C, 0,0

e [afefc 1o g o |¢ <, [
<vsioe] o2l o0 | anz|o 0 anz | .oz |ruao f o
3° 1 5884 {1 1670 19552 | - 6116 |-4'2071 | 3 0909
0" ‘ 15684 (3 2159 35013 |-1 2027 1.0 2070 | @ 2189
% o |4cem 4088 |-2 0 10 269
0% )| 420 0 2] .o lruaalo
30° Varsa | .oneef - 3972 |) 6869 | - Tanna -3 a024 | 2.39m
&0 13756 (2 2986 [-) 1913 13 0025 |1 3735 |.2 9191 | &'z
%0 0 |3258 |-1 5884 3 5012 |-1 5606 |  sesa | & 1008
0

0* leg* | en2 AN2 | 0278 [-1.1420
30° 0029 | .3939 | - ac1a| 9675 | - 1900 {-1 8822 ! y1.01e8
60° 7943 1 9149 (-1 1918 |1 6870 | - 5073 |-1.3798 | 2.3497
| 0° 0 11014 |-1.49921 [1 2490 | - 6733 | 9164 | 2 151
oY SI0E, o-Jf o°] em2{ @ 0 an 0278 ! 11420 J o
0° 15888 v en | 19592 | - 2200 | 4 2072 | -3 0909
60" 15885 |3 1258 ‘ 35013 |.2 1142 { 4.207 | -8 2788
90° [ 4 0887 4.0887 -2 8935 | 0 -10 &2%0
0*]%°| anz2fo [ 2] wrslruznio
30¢ 137581 9149} - 39721 6869 | - 5526 | 3 s249 | -2.4472
60° 1 3756 |2 3985 [-) 1913 13 0025 |-1 6326 | & 4865 | -6 4261
%0° 0 31238 {-1.5884 11,5013 |-2 2122 | 1 1241 | -8.3768
o*160°| anz) o 0 (K H c278f 11420 | 0
30° 8028 | .3939 | - 4004 | 9676 | - 2293 | 2 4104 | -1 osBO
60° 7544 | 9149 1-1 1915 1 6869 | - $985 | 2 9470 | -2 4966
\ 90° 0 Y 1670 |-1 s888 |1 9592 | - 8259 { 1 ‘242 [ -3 1889

The effects of sun B-angles can be determined usirg a similar sine
wave averaging process, but with B-angle as the variable parameier. Since
B-angle changes affect only the solar array drag we can initially ignore
the non-array drag components. These will be added later. Thus, for the
array only, the overall average drag coefficient including both the effects
of orbital motion and B-angle variations may be expressed as:

- 2
ACD ACD * 3 (ACD AC]J )
avg avg avg avg
B=52° 8=0 g«52*
Where:
ACD 18 the per orbit average drag of one side of the solar array
V8gas52-

at B=52° (maximum B)

AC
DaVSB-SZ‘ a=0 aveg.g a=0

aAC

D

a=0

= ACD + (ACD - ACD )} cos 52°

1s the drag of one side of the solar array at a=8=0
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ACD = 0.4312 (from Table 1.2)
a=0
ACD is the per orbit average drag of one side of the solar array
#V€g-0
at p=0
2
AC = AC + = (AC - AC )
DavgB_o Da-o T Da-90 Du-O
acy - 0.4312 + 2 (4.0888 - 0.4312)
avg
8=0
LCD = 2.7597
48ga0
Thus,
2
acy, r 0.4312 + -‘1'-‘ (2.7597 - 0.4312) = 1.8648
avg
g=52°

The overall average drag coefficient of the solar array then becomes

acy, = [1.8648 + % (2.7597 - 1.8648)] x 2 solar array sides
avg

ACD = 4.869
avg

Adding the non-array drag components from Table 1.1 the tctal SOC drag
coefficient including the averaged effects of orbirtal motion and B-angles
becomes

+ AC,

avg a=0 ave

c = 3.6266 + 4.869 = 8.4356
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The above drars ~oefficients from Tables 1.1 and 1.2 are based on & reference
area of 2690 sq ft . The average ballistic coefficient for SOC becomes:

245000

Bc -—w—-
soc  CpA (8.4956)(2690)

= 10.72 psf or 52.33 Kg/mp

This ballistic coefficient value 1s for the basic SOC system
orthagonally trimmed to a local horizontal actitude. Thus, changes in trim
attitude, the presence of 0TV's and/or construction projects and the
presence of the orbiter during resupply operations can all affect the SOC
operational ballistic coefficient.

These effects were briefly examined and found to be small and/or tending
to increase the ballistic coefficient. First, trim angle effects wers
considered. Analysis of angular momentum buildups in Section 3.0 cf thas
report indicated the desirability of operating S0C in trim attitudes which
use gravity-gradient torques to halance secular aerodynamic torques.

Because of configuration symmetry these trim attitudes are mostiy pitch
angle adjustments within the orbit plane. Drag effects of these trim angles
can be approximated using the data in Tables 1.1 and 1 2. Subtracting the
solar array drag values in Table 1.2 from the total configuraticn drag in
Table 1.1 for angles of attack of 30 and 90 degrees indicates the drag
coefficient of the central modular cluster actually decreases slightly with
increased angle of attack. This is apparently due io the reduced frontal
ar2a of the vertically oriented surfaces {habitability modules, radiestors,
and stage assembly module) which dominates the siight increase in froutal
area of the horizontal configuration elemaents {service modules). These
delta drag effects are small, less than 5 percent for trim angles up to 30
degrees and would tend to increase the SOC ballistic coefficient.

Puture 0TV configurations and space construction projects which will de
supported by the SOC cannot be precisely defined at this time. However,
certain generalized characteristics can be examined. For example,
cryogenically propelled OTV's with dimensioral limits permitting transport
in the orbiter cargo bay (15 Eeet diameter, etc.) produce ballistic
coefficients of about 50 Kg/m“ (10 psf) when vertically mounted on the SOC
(their full length exposed to the free stream flow). When filled with
propellants their ballistic coefficient increases to the 350 Kg/m< (70 to
80) psf range. OTV missions are expected to last from a few days to a
couple of weeks. Thus, most of the time the OTV will be stored empty on the
SO0C. Part of the remaiming time 1t will be 1in increasing states of
propellant fi1ll conditions. The rest of the time, of course, 1t will be on
active mission status away from the SOC. Thus, the main effect of OTV's on
SOC drag will be to increase the overall ballistic coefficient during the
refueling periods; the rest of the time 1t has wvirtually no influence.

1-10



Provious studies of space construction projects give some indication of
their potential influence on the SOC ballistic coefficient. For example,
just the basic structure of a space fabricated tri-btear platform wss
determined to have a ballistic coeffic.ent cf approximately 35 Kg/m (7 '
pef). This could increase to 100 Kg/m2 (20 psf) or more with the
installation of relatively dense subsystems modules. Thus, the likely range
of ballistic coefficients in‘roduced by space construction projects also
appears to le near that of the basic SOC configuration and can probably be
ignored for this preliminary analysis of orbit altitude.

P v G

The orbiter, while docked to the SOC, 1s oriented in 1¢s maximum drag
contiguration. Even !1th this orientation 1ts ballistic coefficient 1s of
the order of 150 Kg/m“ (3C psf), which 1s somewhat higher than the basic
SocC. Althoush the combined SOC-orbiter ballistic coefficient would fall in
the 100 Kg/m“ (20 psf) range, the residence time of the orbiter is small
80 its long term average influence will be small.

Thus, all four of these configuration variables have relatively small
effects on the long term SOC ballistic coefficient and what little effects
there aSe tend to increase 1t. Therefore, a slightly conservative value of
50 Xg/m“ (10 psf) was used for the SOC ballistic csefficient in this
study.

1.3 STS PAYLOAD PERFORMANCE

Shuttle payload performance 1s a major driver in the optimum log.stics
altitude for SOC operations. In particular, the rate of payload drop-off
with altitude (the slope [A P/L]/Ah)} 1s the critical parameter. Tn
general, the steeper the slope of this drop-off the iower the optimum
altitude wi1ll be. This 1s logical since the optimum altitude 1s a balance
between the need for more Shutitle flights at high altitudes due to reduced
payload capability and the need for more orbirt makeup propellants al low
altitudes.

STS performance characteristics for use in the study were obtained from
JSC and are presented i1n Figure 1.4. Both the standard orbiter and a Titan
liquid boost module \LBM) thrust augmentation capability are shown. These
data were generated using a three-dimensional, three degree-of-freedor
trajectory program including all of the necessary trajectory snaping
criteria and constraints for KSC launches. The JSC package containing the
detailed conditions and guidelines used for these data are contained in
Appendix C to provide a complete source for future reference.

(]
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FIGURE 1.4 STS PAYLu..D PERFORMANCE

As derived from the above curves the payload drop-off rates with
altitude are minus 63 Kg/Km (75 1b/n.mi) and minus 50 Kg/Km (59 lb/n.m1) for
the standard and thrust augmented STS respectively. In the subsequent orbit
altitude analysis the landing weight limit of 29500 Kg (65,000 1b) was not
1mposed on the performance capability of the thrust augmented STS. However,
if this landing weight limit cannot be increased for the augmented
configuration ¢ >ptimum logistics altitude wculd correspond to the highest
altitude attair...e with a 29,500 Kg payload (somewhere near 550 Km or 300
n.mi). This is because at any altitude below this value orbit makeup
propellant requirements will be greater without any offsetting grcin in
Shuttle payload capability.

1.4 ORBIT DECAY CONSIDERATIONS

The SOC complex will be situated in & low earth crhit (275-550 Km)
within the Shuttle performance envelops. Although the atmosphere at these
altitudes is Tenuous a spacecraft as large and complex as the SOC ~ould
still experience considerable atmosp! ~ ¢ drag. Thus, orbit lifetime is one
of the mast important factors in the determination of SOC orbit altitude.

As a contingency margin in the event that orbit makeup capability is
temporarily lost a suitable orbit decay life will assure against
cat -~tiophic reentry and the corresponding worldwide Jdebris hazard.

1-12
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The variables that affect the calculations of orbital lifetime, orbdat
altitude decay rate, and orbit altitude maintenance propellant requirements
fall in three general categorias.

The first group of the parameters is spacecraft dependent. These are
the mass or weight of the vehicle and the area of the spacecraft that is
exposed to the flow of the atmosphere around it. The detailed
characteristics of the exposed area such as temperature and geometry can
also affect the drag coefficient of the body. However, for use in this
study the average ballistic coerfficient for the full-up developed SOC, as )
derived in Section l.1 is 50 Kg/m< (10 psf). ‘

The second group of parameters affecting decay life is orbit depsnder.t.
The cpeed or velocity of the spacecraft and the atmospheric density both
have 3.eat influence on satellite lifatime in orbdbit. 1

Finally the third group, if it can be called such, characterizes the
propulsion subsystem that will be employed to maintain the spacecraft in
orbit. The efficiency of the propulsion subsystem is described by its
specific impulse.

Of all the variables mentioned here that affect the calculations of
orbit lifetime, altitude decay rate, and orbit altitude maintenance, the
atmospheric density is most significant. This significance is reached not
from its effact in the calculations, but rather from the difficulty to
ostimate the actual density at any given tima. This & fficulty arises from
having to predict solar activity as a function of time.

It is for this rsason that several atmospheric profiles were considered
in the subsequent analyses.

In general, the solar activity cycle from peak-to-peak is approximately
eleven years. The present peak (1979-1980) was extremely high, resulting .n
oxtreme atmospheric densities. The next predicted aolar activity peak 1s
for 1990-1991. Atmospheric densitv pradicted for thias 1990 per od is shown
in Figure 1.5. Both nominal and ¢20 atmosphares are shown. This data 1s
for long term prediction based on NASA TX 53865.
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The two solar activity related parameters that affect the earth's
atmosphere are the geomagnetic index and the solar flux. The solar flux
level 1s measured or estimated at the 10.7 cm wavelength.

Actual measurement data for 1979 through mid-1980 are shown in
Pigure 1.6. The predicted statistical function for the next three and a
half years is also i1llustrated in the figure. The correspnnding atmospheric
densities (nominal, +20 , and +30) are shown in Figure 1.7. The nominal
density curve for 1980 (Pigure 1.7) closely epproximates the +2¢ density
predicted for 1990 (Figure 1.5). This is because the recent actual measured
density has been extremely high, thereby biasing the near term statistical
projections.

Flnﬁlly, a Shuttle design atmosphere based on specific flux (230x10-22
watts/M“/cycle/second) and geomagnetic index (20.3) values was estimated.
This atmospheric density is shown in Figure 1.8 and 1t closely approximates
the +30 values shown in Figure 1.7 for the latter part of 1980. This is

the design "high density"” atmosphere used in this study for establishing SOC
requirements.
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To maintain a circular orbit in the presence of atmospheric drag the
orbit makeup propellant 1s given by the relationship

M PU/or v

where ty is the mission lifetime or specifically the resupply interval and
r the radius of the spacecraft orbit. An interesting observation that can
be made is that the propellant requirement is independent of the spacecraft
weight for a fixed average frontal area used in the definition of the
ballistic coefficient.

WPR = ty CpA pu/2rlsp

Por SOC where the average ballistic coefficient was taken to be S0 Kg/ma
(10 psf) the above relationship reduces to

WPR = .993 x 10°typ/rlsp
where ty 1s 1n years
r 18 1n nautical miles
p density in slugs/ft’
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The atmospheric parameter r/p 13 a function of the statistical analysis

and prediction of the solar activity for a particular time period. For the
various atmospheric models previously discussed the yearly orbit maintenance
propellant requirements are 1llustrated in Figure 1.9. The type of
atmosphere predicted can result in nearly an order of magnitude variation in
the propellant required for orbit maintenance. The effect of specific
impulse on the propellant weight to be carried is 1llustrated in Figure
1.10. The h:gher the specific impulse, 1.e., more efficient propulsion
system, the lower the orbit maintenance requirements.

W/CpA = 10 16/R 1., = 230 sec
SOUAR ACTIVITY AS INDICATED

100

T T vrrrg

10

PROPELLANT WEIGHT (1000 ib)
T T I

T

150 200 250 300
ORBIT ALTITUCE (nen1)

FIGURE 1.9 YEARLY PROPELLANT REQUIREMENTS TO
MAINTAIN SOC ALTITUDE
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Altrough orbit makeup propellant 1s important, system safety 1s the
pramary Jdraiver for orbit altitude selection. Hence, the time to decay to a
critical altitude becomes of prime concern. The time 1t would take the
entire SOC complex to decay to a 185 Km (100 n.m1) al4itude will be used to
define a decay safe orbit. This time to decay - without any orbit
maintenance is illustrated in Figure 1.11. Again, it 1s seen to be an
extremely strong function of the atmospheric model and hence our ability to
predict the future.
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For example, with the nominal atmosphere predicted for 1990 a 377 Ka
(204 n.m ) altitude would be sufficient so that 1t would take six months for
an unmaintained SOC configuration to decay to a 185 Km (100 n.m1) altitude.
However, a +20 atmosphere for the same time period would decrease the
decay time to just 60 days or require the or-bit to be raised to 451 Km (247
n.mi) to maintain the six month decay time. However, 1t 18 interesting to
note that for the altvitudes of constant orbit lifetimes (90,180 or 360 days)
the corresponding orbit maintenance propellant 13 only a weak function of
the acmospheric model. This relationship i1s 1llustrated in Figures 1.12 and
1.13. Thus, it is possible to define the orbit maintenance propellant
requirement basea on a safe orbit decay time.

An example 1s illustrated in the "tox" on Figure 1.12. A variable
altitude strategy 1s assumed for this example. This means propellant for
maneuvering to the desired altitudes must be determined in addi*ion to that
required for basic orbit makeup. As a worst case 1t was assumed that the
atmospheric density shifted frcm a nominal condition to a *30 value during
the time of maximum solar activity. For this situation an orbit altitude
increase of 93 Km (50 n.mi, from 185 n.m1 to 235 n.mi) would be requaired to
maintain the 90 day decay life criteria. This would requare 2500 Kg (5500
1b) of propellant at the consumption rate of 28 Kg per Ku (114 1b per n.m1)
for this maneuver.
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Since the atmospheric density tends not to change rapidly (aside from
small daily perturbations, major density changes tend to occur over a period
of months rather than days) it was conservatively assumed for this example
to maintain the +30 condition for the erntire 180 day propellarnt sizing
requirement. Therefore, the total propellant capacity requirement for the
SOC would be 7950 Kg (17,500) 1b, 5450 Kg for the worst case orbit makeup
plus the 2500 Kg for the worst case altitude change maneuver to maintain the
90 day decay criteria. Actually, the orbit change maceuver could have been
a series of maneuvers so long as the total altitude change did not exceed
93 Kr. Any other set of conditions than the worst case assumptions used
here would require less propellant.

It is highly unlikely that the timing of atmospheric density rises would
occur such that both the worst case orbit makeup propellant and the worst
case altitude change maneuver would be required during the SOC resupply
interval. It is much more likely that at least part of the resupply
interval would be spent at some lesser density condition, and hence use less
orbit makeup propellant; or that the SOC had already been maneuvered or
"partly maneuvered”™ to the higher orbit altitude prior to a resupply
miassion, and thereby not require the worst case maneuver propellant at the
same time it needed the maximum makeup propellant. Thus, this example
propellant sizing requirement 1is conservative.

1.5 LAUNCH OPPORTUNITY INTERVALS

The execution and planning of materials/equipment/propellant delivery
and resupply missions to the Space Operations Center is more easily
facilitated 1f a predictability repetitive orbit path i1s maintained. For
example, an orbit that repeats :1ts ground trace exactly every day will
present an optimum resupply launch opportunity (in plane, in phase) on a
daily basis. The relationship involves both orbit sltitude and
inclination. This 1s 1llustrated for an orbi% inclination of 28.5 degrees
in Pigure 1.14. In the altitude region of greatest interest (275-350 Km)
orbits with a trace repetition every two, three, or five days are feasitle.
At these low altitudes atmospheric drag will reduce the orbit altitude,
thereby modifying this repet:rtive relationship. To maintain the trace
repetition within some specified limits certain frequencies of orbit makeup
impulses must be maintained. The frequencies to maintain a ground trace
within a *10 km crosstrack (out of plane) deviation are shown in Figure 1.15
as a function of orbit altitude and spacecraft ballistic coefficient. For
the SOC bullistic coefficient of 50 Kg/m2 {10 psf), the orbit maintenance
corrective maneuvers would have to be made nc more frequently than once
every two days even for orbits as low as 275 Km (150 n mx1). Since other
spacecraft propulsive operations (momentum dump) must be performed more
frequently the orbit ground trace or altitude meintenance maneuvers could be
accomplished at the same time.

1-21



SN

CRUIT ALTITUDE (km)

—_— . s, o - - - -

ORIGINAL PAGE 1S
OF POOR

QuALlT‘-’

INCLINATION = 28,5 deg
-
1 54 35 2 53 45 1 54 35 2 53 45 !
_VLI | S N T N I I | 1 | I T T S NSO O B A ]
14.0 15.0 4.5 15.5 16.0
SATELLITE TRACE REPETITION PARAMETER, Q (REV/day)
FIGURE 1.14 SATELLITE GROUND TRACE REPETITION
500
400
200 MAXIMUM CROSSTRACK ERROR +10 km
200 L] 2
5 eA )\
S 100
y ® <
3 ©
& w
& -
g 20
U e - - - e e ——— o ——
é \0:—
’i‘ 8} TYPICAL RANGE
« sl. FORSOC
g JSfo__
o
2}
N - 1 ]

i 1 Il
400 50 00 700
ORBIT ALTITUDE (lon)

FIGURE 1.15 FREQUENCY OF CORRECTION MANEUVERS

200

1-22



ORIGINAL PAGE I
OF POOR QUALITY

1.6 SOC LOGISTICS MODES EFFECTS

Three different SOC lugistics delivery modes with the standard STS were
investigated along with one mode for the thrust augmented STS to determine
their comparative logistics efficiencies and their potential effects on SOC
orbit altitude. The three basic modes which are pictured symbolically in
Pigure 1.16 are: (1) direct Shuttle delivery, (2) tug assisted delivery,
and (3) OTV fly down delivery.

DIRECT SHUTTLE TUG ASSISTED OTVFLYDOWN] &
DELIVERY OELIVERY OELIVERY |

i
ek i

4 =

® SHUTTLE DELIVERS ALL © SHUTTLE DELIVERS MAKEUP aV
oS 'L'o"f;g‘,';g”,;‘/‘.‘_. LOGISTICS P/L's TO 70 sOC
10 sOC ' 150 NMEALT © SHUTTLE DELIVERS OTV PAL"s &
o TUG TRANSFERS P/L's PROPELLANT TO 150 NMt
Josocaur * OV FLYS TO GEO RETURNS
*TUG I, = 250 SEC TO SOG, THEN FLYS DOWN
TO 150 NMI

! 0TV I, = 460 SEC

FIGURE 1.16 SOC LOGISTICS MUDE OPTIONS
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Mode Descriptions

Vith the direct delivery mode the Shuttle carries all SOC supplies
direct to the SOC and exchanges them for any return cargo that might be
required. The Shuttle is lawnched approximately coplaner with the orbiting
SOC and performs ascent phasing and rendezvous maneuvers lesading to docking
with the SOC. After the delivered materials are off loaded and any return
cargo is installed in the orbiter bay the Shuttle deorbits and returns to
KsC.

With the tug assisted delivery mode the Shuttle delivers all of the SOC
cargo to 275 Kz (150 n.mi) altitude. This 1s the maximum altitude to which
a 29500 Kg (65K 1b) payload cun be delivered by the standard Shuttle
(Figure 1.4). At the 275 Km orbit the "up" cargc is transferred to a SOC
based tug for subsequent delivery to the SOC. Any "down" cargo required
from SOC operations would be carried to the transfer point by the tug and
exchanged for the "up” cargo. This would include normal SOC crew rotations,
thus necessiteting a "man rated” tug. The Shuttle ther returns to KSC.

With the OTV flydown mo” the normal SOC resupply cargoe (crew
expendables, operating fluids, etc.) is carried directly to the SOC with the
Shuttle as in the direct delivery mode. However, OTV propellants (a major
logistics corponent) ani OTV payloads are delivered to the 275 Km altitude
as in the tug assist mode. The OTV flys down from the SOC for refueling and
payload installation. The OTV then perforrs 1ts GEO mission and returns to
the SOC for turnaround servicing- In the meantime after refueling the OTV,
the orbiter returns to KSC. Thus, in this mode part of the SOC cargo goes
direct to the SOC in the orbiter and the rest is delivered to the 0TV at
275 Km altitude.

In addition to these three basic logrstics modes with the standard ST3
the effects of the thrust augmented STS with the direct delivery mode were
also investigated. Variations 1n SOC logistics traffic levels were analyzed
for all cases.

Logigtics Penalty Factor

A parameter c-lled the logistics penalty factor was used as means of
determaning optimum SOC altitudes for comparing logistics modes. Its
mathematical definition and characteristic plotted shape are shown in
Pigure 1.17. Essentially, the logistics penalty factor is a dimensionless
quantity which normalizes the main factors which can affect the number of
logistics flights required to deliver a given amount of cargs and allows
easier comparison of modes and other variables. Since the specific manifest
details of the SOC related cargo cannot be known this far in advance of
actual SOC operations, the iogistics penalty factor becomes a convenient
parameter for compaiing delivery modes and determining optimum crbat
altitudes.
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For these analyses tnhe logistics penalty factor 1s normalized to the
nuuber of Shuttle flights required to deliver basic SOC cargo (excluding
orbit makeup propellant) to 275 Ko (150 n.m1) aititude. This 1s the highest
altitude attainadle by the standard Shuttle w tn a full payload
(Figure 1.4). Thus, the denominator term in Figure 1.17,

W
( =38 4pp )

¥
7550

causes the penalty factor to increase as Shuttle payload drops off with

altitude. If orbit makeup propellant were zero {and did not change with
altitude) the penalty factor would s mply increase with altitude from a

value of 1.0 at 275 Km (150 n.mx) alti*ude.

However, orbit makeup propellant increases at the lower altitudes. This
effect 13 contained i1n the numerator term of the penalty factor equation,
which is the ratio of total logist-cs traffic {including makeup propellant)
to Just the basic traffic. Specifically, then, the logistica penalty fec*or
13 the ratio of the number or Snuttle flights required to deliver the total
SOC cargo to any particular altitude to the number of Shuttle flights
required to deliver just the basic cargo to 275 Km (150 n.mi). Tnus, the
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increment above 1.0 accounts for both orbit makeup propellants and Shuttle
payload dropoff with altitude and the sltitudie where the penalty factor is
smalleat in the optimum logiatics altitude.

The factors which can affect the optimum logistica altitude are liated
ot the figure and include those things that influence the amount of orbit
makeup propellant required (drag, Isp, etc.) and the delivery ayatem
parformance. Inspection of the penalty factor saquation will show that as
the basic SOC logistics traffic ia reduced the orbit mukeup propellant
factor will begin to dominate the optimum nltitude selaction. On the other
hand at high traffic levels the Shuttle payload performanco dominates and
in the uxtreme would optimime at the 275 Km (150 n.mi) maximum payload
point.

D.rect Delivery Mode

Figures 1.18 through 1.21 present the penalty factor plots for the
direct delivery mode with the standard STS. SOC logistics traffic levels
ranging rom one=fourth to two SOC mAssea per year are presented. One SOC
mass repreaents approximately 110,000 Kg (245,000 1b). 1his range of
traffic levels reflects .he logistics intensive nature of an operationa
orientated space base. Space construction and OTV operationa both require
heavy .ogistics support compared to experimenta and technology development
types of space activities. The data in these curves are basad on a SOC
ballistic coefficiant (W/CpA) of 50 Kg/m*~ (10 paf), an orbit makeup
r-opulaton Isp of 2% sec and are for a neminal maximum atmospheric denatty
condition (1990 nominal). As indicated in the discussion above, the optimum
loglatica altitude decreasea for the high traffic levels becauss Shuttle
performance dominates over the drag makeup effecta.
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Figure 1.22 shows the effects of both atmospheric density variations and
logistics traffic levels on the optimum SOC orbxt altitude. As mentioned
before, high traffic levels ¢.(rease the optimum altitude. Also, as would
be expected, unusually high ¢ tmospheric densities tend to increase the
optimum altitude. It 1s interesting to note that even for the extreme
dens ty case (+30 max) the nptimum altitude does not move above the 390 Km
(210 n.m) “barrier” introduced by the inert weight effects of adding an OMS
knt. The basic penalty factor curves are sufficiently shallow in the
vicinity of the optimwumn altitude that the 1360 Kg (3000 1b) inert weight
increment for adding n OMS kit completely overpowers the gradual changes in
makeup propellant and payload dropoff slope for the orbiter. Thus, with
extreme densities the optimum logistics altitude for SOC would be constant
at 390 Km.
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Yearly orbit makeup propellant for these optimum logistics altitudes are
presented in Figure 1.23. They obviously follow the inverse pattern of the
s tmospheric effects in altitude shown in the previous figure. As logistics
traffic increases, the optimum altitude drops and hence, crbtit makeup
propellant increases. Although the yearly propellant does increase these
are still the optimum operating conditions because of the Shuttle delivery
performance effects.
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To develop further insights into logistics performance sensitivatiec,
both incremental and integer Shuttle fligh: effects were briefly examined.
First, to analyze the sensitivity of logistics perfor-mance to operations at
off-optimum altitudes the incremental increases in the number of Shuttle
flights was determined for several traff.c levels over a range of orbit
altitudes. The results are shown in Figure 1.24. A zero increment 13 shown
for the optimum altitude at each traffic level. As the altitude 13 varied
on either side of this optimum additional Shuttle flights will be required,
either to carry more makeup propellant (lower than the optimum altitude)} or
to account for reduced Shuttle delivery performance (higher than the optimum
altitudes).
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Sensitivity to off-optimum altitudes is not great. An altitude spread
of 50 to 75 Ka (30 to 40 n. m1.) 1s shown to exist for an incremental
increase of 0.1 Shuttle flights per year within the range of traffic levels
investigated. Perhaps even more surprising 1s the almost trivial penalty at
the 350 Km (190 n.mi) crossover point of the high and low traffic levels.
Here, for the full range of traffic the worst penalty increment is 0.025
Shuttle flights per year which represents less than a one percent penalty
for the low traffic case (one-half SOC mass per year) and 1s even a smaller
percentage for the higher ‘raffic levels. This altitude 1s also shown to
correspond to a five-day orbit trace repetition pattern. When indexed to
KSC this would allow Shuttle launch opportumities direct to the SOC every
five days without phasing orbit coast operations which could add a full day
or more to the ascent delivery profile. These data would be affected by
different atmospheric densities and SOC drag characteristics, but are
indicative of the relative low sensitivity to off-optimum altitudes.

This low sensitivity is further exhibited in the integer Shuttle flight
plots 1n Figure 1.25. Here, the incremental Shuttle flight trends ain the
previous figure were extended to complete integer increments and the actual
nunber of Shuttle flights required to deliver the tctal SOC cargo 1is shown.
In the preceding figure (Figure 1.24) the optimum altitude solutions for the

various traffic levels may call for "n” plus a fraction of Shuttle
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launches. Therefore, the delta Shuttle flight i2crements were not
necessarily referenced to an i1uteger number of Chuttle flights. This effect
was accounted for in the data of Figure 1.25 and the integer "jump" points
here represent the true flignt requirementa. As implied i1n the incremental
data, wide variations in SOC overating crbit altitudes are possible before
the logistics penalties bezome large enough to require an additional yearly
Shuttle flight. This is because the Shuttle peyload capability is quite
large compared to makeup propellant requirements.

The main conclusion is that the optimum logistics performance 1s not
highly sensitive to changes in orbit altitude. Thus, a simple stratsgy
algorithm for real time control of SOC operating altitudes to meet the
changing configuration, atmosphere, and traffic conditions should suffice.
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FIGURE 1.25 INTEGER SHUTTLE FLIGHT EFFECTS
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Tug Assisted Delivery Mode

The tug assistzd delivery mode used in this snalysis is pictured in
Figure 1.26 along with the assumed tug characteristics. Tug propellants
must be carried in the logistics for this mcde ss well as all other cargo
elements identified for the direct delivery mode. The assumed tug features
are representative of a large teleoperator type concept with an advanced
hydrazine monopropsllant propulsion system. While a full sized space-based
tug could also do the SOC assist job, the above corcept was selected as a
low cost approach which could potentially be available in the same time
frame as the SOC.

TUG SHUTTLES BETWEEN SOC
AND THE ORBITER

TUG CHARACTERISTICS
sp = 250 1ec
MASS FRCT =0.8
COREWT =23001b

Wipre (BASIC SOC CARGO)
WiKP (SOC ORBIT MAKEUP PROPELLANT)

STS FLIGHTS TO
150 remt Wer TUG (TUG PROPELLANT)

FIGURE 1.26 TUG ASSISTED DELIVERY MODE
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The logistics performance for this mode is presented in Figure 1.27.
The logistics penalty factor is shown as a function of orbit altitude for
traffic levels ranging from ome-half to two 30T masses per year. A
distinguishing feature of these data 13 the ahaence of the OMS kit
“barrier”. Since the Shuttle only flies to 275 Ko (150 n.myx) altitude in
this mode, the performance discontinuity associatred with its use does not
occur. This, combined with the improved staging efficiency from not flying
the heavy Shuttle to high altitudes results in optimum logistics altitudes
slightly higher than for the direct delivery mode, particularly for those
conditiong which previously optimized at the OMS barrier altitude (390 Km or
210 n.m.).

For the tug assisted mode the optimum orbit altitudes are approximately
410 Km (220 n.mi), 370 Km (200 n.mi) and 350 Km (190 n.mi) for traffic
levels of one-half, one and two SOC masses per year respectively. The
corresponding logistics penalty factors are approximately 1.1, 1.075 and
1.05. These compare with 1.11, 1.09 and 1.06 respectively for the
corresponding values with the direct delivery mode, not a large difference
between modes in overall logistics performance.
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FIGURE 1.27 LOGISTICS PEFFCRMANCE FOR THE TUG
ASSISTED DELIVERY MODE
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The sensitivity of logistics performance to non-optimum altitudes was
also briefly examined in this delivery mode, Figure 1.27A. As in the direct
delivery case, low sensitivity to off-optirum altitudes 1s exhibited.
Operating altitude ranges exceeding SO Kz (SO n.mi) are possible within a
penalty increment of 0.1 Shuttle flights per year.
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PIGURE 1.27A SHUTTLE FLIGHT SENSITIVITY TO ORBIT ALTITUDE -
TUG ASSISTED

0TV Flydown Delivery Mode

This delivery mode is focused on the OTV component of SOC logistics
traffic which includes the OTV propellants and payloads to be transported by
the OTV to GEO. Other basic SOC resupply cargo 1s carried direct to the SOC
an the orbiter. Due to the "split” cargo operations a number of factors
must be established to maintain data consistancy among the modes. First,
the OTV concept must be defined. For this analysis an OTV made up of two
1dentical stages was selected and was assumed %o be mainly used to deliver
payloads to geosynchronous orbit and then return empty (both stages). A
baseline OTV flydown profile was then established tn account for all of the
traffic components and flight segments. This baseline profile 18 outlined
in Table 1.3 along with the standard SOC based OTV mode to highlight the
differences. In all cases the OTV propellant s:zing calculations are based
on the following stage characteristics, Isp = 460 sec and stage propellant
fraction = 0.9. The additional AVs to fly the OTV down to 275 Km (150
n.m1) from the SOC and then to stage the CEO mission from this altitude
instead of the SOC altitude are also included.
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TABLE 1.3 BASELINE PROFILE OTV FLYDOWN MODE

BILSTONS

STD SOC BASED 0TV MODE QTV FLY-DOWN MODE
STS DELIVERS TO SOC STS DELIVERS T0 SOC
o 0TV PROPELLANT & SOC ORBIT MAKEUP PROPELLANT
® SO PAYLOAD BASIC TRAFFIC MANIFEST
o SOC ORBIT MAKEUP PROP, STS DELIVERS T0O 150 NMI

® GSO PAYLOAD (SAME AS IN THE
SOC SUPPORTED MISSION)

® TV PROPELLANT TO COMPLETE MISSION
* 0TV, PERFORMS PART OF TRANSFZR MISSION ¢ 0TV DEORBITS FROM SOC ALTITUDE TO MEET

AND RETURNS T2 37T STS FLIGHTS AT 150 NMI
* 0TV, COMPLETES .RANSFER 10 6S0 ® 0TV, PERFORMS PART OF TRANSFER MISSION
* QTV, DELIVERS Fn/LOAD AND RETUPNS TO SOC
* OTv, RETURNS EMPTY TO SOC ¢ 0TV, COMPLETES TRANSFER 70 GSO

* 0TV, DELIVERS PAYLOAD
* 0TV, RETURNS EMPTY TO SOC

The resulting logiatics performance 1is presented in Figure 1.28. The
logistics penalty factor is shown as a function of traffic level. SOC
altitude was held constant at 370 Km (200 n.mi) for the generation of these
data. This greatly reduced the number of iterative calculations require?,
but sti1ll gives a good indication of the performance of this mode. The
370 Km altituds 1s near the middle of the range of optimum altitudes for a
wide spread of conditions. Thus, while slightly improved performance
results could be expected with optimum altitudes for this mode, & good basis
of comparison with the other modes 1s provided.
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FIGURE 1.28 LOGISTICS FERFORMANCE FOR THE OTV FLYDOWN MODE

Delivery Mode Comparison

Figure 1.29 compares the log.stics performance of the three tasic
delivery modes. The logistics penalty factors for the three modes are shown
superimposed as a function c¢f traffic level. The maximum penalty factor
spread across all of these modes :s an increment of approximately 0.02. For
traffic levels of one SOC mass per year and above, this represents less than
a two percent di1fference amorng the modes. While slight adjustwments i1n the
relative placement of the different modes would be introduced by changes in
the assumptions on tug and OTV performance, the effects are small. In all
modes the Shuttle must carry all components of cargo to at least the 275 Km
(150 n.m1) altitude. Differences in stage performance for the small AVs
required to transfer cargo from this altitude to the 370 or so Km SOC
altitude have little effect on the overall logistics performance.

Thus, the direct delivery mode 13 best. Both the tug assisted delivery
mode and the OTV flydown mode require the development of either additional
hardware (tug) or more complex operations of the OTV. The direct STS
delivery mode, on the other hand, represents the simplest and most straight
forward strategy to deliver a variety of payloads to the SOC. It requaires
Just a single ascent rendezvous without the complications nf intermediate
orbit phasing/plane change considerations and there are no extra payload
handling services required for transferring peyloads to the other vehicles
as well as to the SOC.
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FIGURE 1.29 DELIVERY MODES COMPARISON

Augmented Thrust STS Logistics Performance

The logistics performance of the thrust augmented STS with the direct
delivery mode was evaluated to determine the potent:ial effects on SOC orbit
altitude. The augmented STS payload capability used in this analysis 1s
shown i1n previous Figure 1.4 and discussed in Section 1.2. The 29900 Kg
(65,000 1b) landing werght limat of the standard STS was not imposed.
However, 1f this limit cannot be exceeded, the logistics driven SOC altitude
would correspond to the highest altitude the 29500 Kg payload could be
carried, approximately 550 Km (300 n.m1), depending on the amount of down
cargo.

The logistics performance for the augmented STS 1s presented 1n
Figures 1.30 through 1.33. The logistics penalty factor 1s shown as a
function of orbat altiiude for logistics traffic levels ranging from
one-half to three SOC masses per year. These data are normalized to the
augmented STS payload capability at 275 Km (150 n.mi) in the samr manner as
the previous results were normalized for the standard STS. Thus, the
penalty factor here represents the ratio of augmented Shuttle flights to
carry the total SOC cargo to each indicated altitude to the number of
sugmented Shuttle flights required to carry just the basic SOC cargo (no
makeup propellant) to 275 Km.
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As it did in the standard STS, the 04S diNeomtinuify agaits limits the
logistics optimum altitudes at the lower traf?ch¥3§€i gégajigakeup
propellant tends to dominate. Note here, however, that the OMS kit
discontinuity occurs at 370 Km (200 n.mi) instead of the 390 Km (210 n.mi)
for the standard STS because of trajectory shaping differences in optimizing
the ascent profile.

A comparison of these results with the standard STS logistics
performance is presented in Figure 1.34. The logistics penalty facior as a
function of altitude is shown for toth STS configuration at a rer ‘esentative
traffic level of one SOC mass per year along with the optimum logistics
altitudes for both as a function of traffic level. The main differences are
slightly lower penalty factor values for the augmented STS along with
optimum logistics orbit altitudes which are approximately 18 Km (10 n.m1)
higher. Both of these effects are caused by the slightly shallower payload
drop-~off slope with altitude 2. sociated with the augmented STS performance.
As discussed in Section 1.2, the payload slore for the augmented STS is
minus 50 Kg/Km (59 1b per n.m.) altitude compared to minus 63 Kg/Km
(75 1b per n.mi) for the stsndard STS.

Thus, while the augmented STS would be able to meet the SOC logistics
requirements with fewer Shuttle flights and possibly at reduced dollars per
pound, the currently defired SOC configuration and 1ts supporting log.stics
requirements are within the capabilities of the standard Shutrle.

Therefore, as noted .n the Tigure, the standard Shuttle can do the job; an
advanced Shuttle 13 not a requisite for SOC. However, the vaiiable altitude
strategy recommended for the SOC 1s compatible with the augmented STS and
would allow optimum utilization of all STS improvement steps as they become
avallable.,s
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1.7 SOC ORBIT ALTITUDE STRATEGIES .

The principal consideration for choosing a SOC orbit altitude strategy
is to always fly the SOC at a mission safe altitide. The issue is: What is
a safe altitude? Does it vary? And, what are the cost implicaticns of
achieving the desired level of safety? '

Orbital safety is usually squated with orbital decay - i.e., orbital
lifetime - without any orbit altitude make-up capability. Thus, the
criteria for acceptable safety will be the number of days the SOC could
remain above a specified orbit under severe emergency conditions. For the
purposes of this study the minimum acceptable SOC orbit altitude is assumed
to be 185 Km (100 n.mi). From this altitude a catastrophic SOC entry into
the Earth's atmosphere would be only a matter of a few days.

It may be noted that this criteria implies not only the total loss of
orbit makeup capability, but also the inability of the STS fleet to deliver
and perform the necessary maintenance.

A number of temporary actions can be taken to extend the lifetime of a
station as large and complex as the SOC. These could include a more
"optimum' attitude flight mode and/or a decrease in the exposed solar array
area. However, for conservatism these actions were not assumed in the
subsequent lifetime analysas.

Three SOC orbit altitude strategies were evolved from the analyses in
the previocus sections. Two of these involve fixed altitude options, while
the third 1s a variable altitude concept. These three strategies together
with some of their pertinent attributes are summarized in Table 1.4.

TABLE 1.4 SOC ORBIT ALTITUDE STRA TEGIES

* PROVIDES GOOD LOGISTICS PERFORMANCE
e ALLONS PREDICTABLY REPEATING GROUND TRACE
LOGISTICS-DRIVEN o SIMPLIFIES MISSION PLANNING

CONSTANT ALTITUDE e RESULTS IN RELATIVELY SHORT ORBIT LIFE FOR PERIODS
OF HIGH ATMOSPHERIC DENSITY

* PROVIDES ASSURED SAFE ORBIT LIFE

DECAY-DRIVEN CONSTANT ® REQUIRES EXTRA SHUTTLE FLIGHTS BECAUSE OF HIGH
ALTITUDE ALTITUDE DELIVERY

* REQUIRES CMS KIT EXCEPT FOR PARTIAL SHUTTLE LOADS

_ o COMBINES SAFETY WITH LOGISTICS EFFICIENCY
VARIABLE ALTITUDE
STRATEGY * ALLOWS FOR UNUSUAL SCLAR ACTIVITY
o ALLOWS FOR VARIATIONS IN SOC LOGISTICS TRAFFIC
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The logistics driven constant altitude strategy would result in the
lowest logistics penalty factcr over the long term average for the SOC
program life. However, since it would be esatablished for a particular
traffic model and for a particular solar activity/atmospheric density
condition it would lack flexidility if any of these two items change. Short
term penalties wouid be incurred during periods of high traffic and/or low
density. By its constant altitudoe nature it would present the least
variables to the mission planner. The key characteristics for this strategy
option are presented in Table 1.5. An additional significant advantage of
this strategy is that the resulting SOC altitudes are all below the point
where OMS kits would be required by the STS.

TABLE 1.5 LOGISTICS-DRIVEN CONSTANT ALTITUDE STRATEGY (STANDARD STS)

TRAFFIC MODEL—SOC MASS
172 1 2
NOMINAL MAXIMUM ATMOSPHERE (1890)
SOPTIMUM ALTITUDE (NMI) 210 200 190
©6-M0 ORBIT MAKEUP PROPELLANT (LB) 6000 8600 12,700
ORBIT LIFETIME—NOM. MAX. ATMOS. (DAYS) 220 155 105
ORBIT LIFETIME— +20 MAX. ATMOS. (DAYS) 70 55 40
LOGISTICS PENALTY FACTOR 1.127 1,099 1.075
+20 MAXIMUM ATMOSPHERE (1950}
SQPTIMUM ALTITCDE (NMDD) 20 20 210
®6-M0 ORBIT MAKEUP PROPELLANT (LB) 13,500 13,500 13,500
ORBIT LIFETIME—NOM. MAX. ATMOS. (DAYS) 220 220 220
ORBIT LIFETIME— +20 MAX. ATMOS. (DAYS) 70 70 70
LOGISTICS PENALTY FACTOR 1.311 1,193 1.134
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The principal concern with the logistics driven altitude concept is the
orbit lifetime or safety factor. Under the conditions of a +20 maximum
(1990) solar activity, orbit lifetimes between 40-70 days may be expected.
An even shorter decay life is poasible with the more severe +30 design
atmosphere.

- The major disadvantage of the logistics driven constant altitude
strategy could be overcome by positioning the SOC at some higher constant
altitude consistent with the desired orbit lifetime criteria and solar
activity model. This is called the decay driven constant altitude
strategy. The characteristics of two such "safe altitude" approaches are
{llustrated in Tables 1.6 and 1.7.

TABLE 1.6 DECAY-DRIVEN ALTITUDE STRATEGY (180-DAY DECAY)

TRAFFIC MODEL—S0C MASS
1/2 1 2

NOMINAL MAXIMUM ATMOSPHERE (1990)

® ORBIT ALTITUDE (NMD) 204 204 204

® &-M0 ORBIT MAKEUP PROPELLANT (LB) 3600 3600 3600

ORBIT LIFETIME: NOM. MAX. ATMOS. (DwYS) 180 180 180

ORBIT LIFETIME: +2¢ MAX. ATMOS. (DAYS) 60 60 60

LOGISTICS PENALYY FACTOR 1,128 1.099 1,081
+20 MAXIMUM ATMOSPHERE (1990)

¢ ORBIT ALTITUDE (NMD) 206 2u6 246

® 6-M0. ORBIT MAKEUP PROPELLANT (iB) 5500 5500 5500

ORBIT LIFETIME. NOM. MAX. ATMOS. (LAYS) >500 >500 >500

ORBIT LIFETIME. +2¢o MAX. ATMOS. (DAYS) 180 180 180

LOGISTICS PENALTY FACTOR 1.361 1.306 1,278
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TABLE 1.7 DECAY-DRIVEN ALTITUDE STRATEGY (365~DAY DECAY)

TRAFFIC MODEL—SOC MASS
1/2 1 2
NOMINAL MAXIMUM ATMOSPHERE (1990)
oQRBIT ALTITUDE (NMI) 224 224 224
©6-M0. ORBIT MAKEUP PROPELLANT (LB) 1800 1800 1800
ORBIT LIFETIME: NOM. MAX. ATMOS. (DAYS) 365 365 365
ORBIT LIFETIME: +20 MAX. ATMOS. (DAYS) 100 100 100
LOGISTICS PENALTY FACTOR 1,228 1,210 1,202
20 MAXIMUM ATMOSPHERE (1990)
O(RBIT ALTITUDE (KMI) 274 274 274
®6-M0. ORBIT MAKEUP PROPELLANT (LB) 2700 2700 2700
ORBIT LIFETIME- NOM. MAX. ATMOS. (DAYS) >>500 >>500 >>500
ORBIT LIFETIME: 20 MAX. ATMOS. (DAYS) 365 365 365
LOGISTICS PENALTY FACTOR 1,385 1,256 1.241

This strategy as the one before suffers from inflexibility. That is, in
order to be "absolutely safe" the SOC altitude chosen must conform to the
worst solar activity conditions at the peak of the 11 year cycle. This
naturally results in unnecessary logistics penalties most of the time when
the solar activity 1s at lower levels.

This lack of flexibility of a constant altitude flight strategy leads to
the consideration of a variable altitude approach. With this concept the
SOC orbit altitude would be "continuously"” or "step wise"” changed to conform
with new drag environments and/or logistics supply rates.

The decay safe altitude as a function of predicted solar activity 1s
illustrated in Figure 1.35. The altitude varies from 318 Km (172 n.m1) to
494 Km (267 n.m1) depending on the severity of solar activity and the
accaptable orbit lifetime.
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FIGURE 1.35 SOC DECAY SAFE ALTITUDE

For purposes of comparison a 90-day decay period was selected as
acceptably safe. This period corresponds to the normal SOC resupply
interval and 1t seems reascnable toc assume that most "fixable" emergencies
could be met and reztified in 90 days. This 90-day decay safeé altitude
criteria thus prov:des one of the driving forces for SOC altitude. The
logistics optimum altitude computed for the same traffic and density
condrtion provides the other. The individual altitude histories driven by
each of these factors are 1llustrated in Figures 1.36 through 1.38 for three
logistics traffic levels (1, 2, and 3 SOC masses per year). Based on these
two limiting choices the SOC orbit altitude will always be at least decay
safe (90 days as illustrated) or 1t will be at the logistics optimum
altitude, whichever 1s higher.

The frequency of altitude adjastments will, however depend on the actual
atmospheric fluctations and the particular logistics traffic levels which
are experienced. For example, there would be no need to fly the SOC down to
the optimum logrstics altitude until just before the next logistics flight
occurs. This could trke advantage of the reduced drag benefits at high
altitudes as well us the higher shuttle delivery performance at lower
altitudes. Further, the need to change altitude at all could be evaluated
for the particular paylocad manifest on any scheduled resupply mission. Sone
volume limited payloads may be within the shuttle performance cepability
without changing the SOC orbit altitude. Thus, a variable a’*itude strategy
permits the operational flexibility to always fly a logistically optimum
resupply profile within the constraints of orbital safety.
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FIGURE 1.36 SOC ALTITUDE FOR ONE SOC MASS PER YEAR TRAFFIC

The data in Figure 1.36 through 1.38 illustrate the effects of traffic
levels on the SOC operating altitude. The decay safe altitude for a +2¢
atmosphere 13 shown along with the optimum logistics altitude for each year
throughout a typical 11 year solar activity cycle. The logistics optimum
altitudes for these data are also based on the drag effects and orbit makeup
propellant requirements for the +20 atmosphere. As shown in Figure 1.36
the optimum logistics altitude 1s constant throughout the ll-year period for
the moderate logistics traffic level of I SOC mass per year (110,000 Kg or
245,000 1b year). This 13 due to the discontinuity in the STS payload curve
at the add OMS kit poant (390 Km). This discontinuity (approx. 1360 Kg
inert weight) dominates the gradual orbit makeup propellant trends in this
altitude range causing the optimum altitude to remain at the add OMS polnt
over a range of atmospheric dens:ty conditions. Thus, for the conditions in
this figure the SOC would b flown at a decay safe altitude for the period
from 1990 to mid-1992 and again from nid-1998 to past 2001. The remaining
years, from m1d-1992 to mid-1998 would be flown at the optimum logistics
attitudes.
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As the traffic levels to SOC are increased the optimum logistics
altitude begins to be dorinated by the snuttle delivery performance which is
better at lower altitudes. Thus, the cptimum logistics altitudes in these
cases are successively lower for the 2 and 3 SOC masses per year as shown 1in
Pigures 1.37 and 1.38 respectively. At 2 SOC masses per year the decay safe
and logistics optimum altitudes are quite close over the entire 1l year
cycle. However, at the 3 SOC masses per year traffic ievel the SOC
operating altitude would always be dictated by the safe orbit criteria (if
the atmcsphere remained at the+20 density condition, which is extremely
unlikely).

The effect of an even denser upper atmosphere resulting from a +30
1980 level of solar activity (also specified for STS design) was
investigated. The resulting SOC altitudes (logistically optimum and S0-day
decay safe) are noted on Figure 1.39 for comparison with the variable +20
atmosphere over the solar cycle period of 1990-2001. Based on this +3¢
maximum density condition the 90-day decay safe altitude is 236 n.mi. This
altitude would be maintained over the entire 11 year solar cycle for the
constant altitude strategy case. To always fly SOC at this altitude would
unnecesgsarily penalize the logistics resupply flights during periods of
lower solar activity.

wmeeee +20 ATMOSPHERIC MODEL (DECAY SAFE ALTITUDE)

260 ~
240 |- +30 ATMOSPHERIC MODEL (1980)
= ~4A— DECAY SAFE ALTITUDE
E ool ~~~‘~ "‘—
4
< 200 {- +30 ATMOSPHERIC S PPt
MODEL (1980) ht D SORS o
LOGISTIC OPTIMUM ALTITUDE
190 |-
160 A ! 1 I 1 1 1 1 1 1 . |
9% 9 ] 9 195 %7 98 % 20 O

FIGURE 1.39 SOC ALTITUDE FOR ELEVEN YEAR SOLAR CYCLE
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Even if the solar activity factor remained statistically high for
several years, there would still be a large variation throughout the 1l year
cycle. Thus, a variable altitude strategy just allowing for these natural
atmospheric variations would save logistics costs.
savings can be attained by rlying at logistics optimum altitudes. The
logistic optimum altitude can be expected to be the governing factor over

decay salety most of the time.

However, even greater

Table 1.8 shows the decay safe and optimum

logistics altitudes over the full-range of expected atmospheric conditions

during a typical solar cycle.

These include the nominal maximum atmosphere

which is the expected density at the period of peak solar actaivity and the
nominal minimum which is the expected density during the period of minimum

golar activity.

TABLE 1.8 OPTIMUM LOGISTICS ALTITUDES FPOR EXPECTED ATMOSPHERIC DENSITY

OPTIMUM LOGISTICS ALTITUDE (NMI)
90-DAY 1/2 s0C 180 2 S0C

DECAY ALTITUDE MASS PER YR MASS PER YR MASS PER YR
NOMINAL MAXIMUM
ATMOSPHERE

h = 185 NMI 210 200 180
NOMINAL MINIMUNM
ATMOSPHERE

h = 172 NHI 200 180 170
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In all ceses shown, axcept for the high traffic case (2 SOC masses per
year) with the nominal minimum atmosphere, the optimum altitude 1s above the
decay safe values. Even the high traffic exception is very close to the
decay limit. Thus, the full potential lcgistics savings with the variable
altitude strategy 1s attainable most of the time.

The typical range of savings in SOC logistics costs attaineble with the
variable altitude strategy 1s summarized in Figure 1.40. By "flying" SOC at
the lowest safe altitude foi the prevailing traffic and atmospheric
conditions significant savings in logistics flights can be attained by
taking advantage of the greater payload delivery capability of the Shuttle
to the lower orbit altitudes.

A (1000 B
SHUTTLE PERFORMANCE
e Max BEE’}‘[ _____ * 90 DAY DECAY -
W
—— = 10
h aAh CDA psF
ls' = 230 SEC o
OPT h FOR NOM ATMOS $T0 AUTTLE
2F
e
L 1 .y L
150 200 250 300 350
- TRAFFIC LEVEL ALT, NMI
15 - 2 SOC MASS/YR
“ 1/2 SOC MASS/YR
2 (¢ ] o2
s TIME WEIGHTED
S AVERAGE SAVINGS
5 10 10 12%
o -
Y s}
af
& j
0 I I
1990 1995 2000
YEARS

FIGURE 1.40 LOGISTICS SAVINGS WITR SOC VARIABLE ALTITUDE STRATEGY
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For example, as shown in the upper right sector of the P-gure, the
shuttle can deliver approximastely 50,000 1lbs to 236 n.mi. altituds (the
+30 atmosphere, 90-day decay criteria altitude). In metric units this 1s
22700 Kg to 435 Km altitude. This wculd be the lowest altitude permissible
for operating SOC with a coustent altitude atrategy. Payloads above
27200 Kg (60,000 lbs) are attainable at altitudes of 370 Km (200 n.mi.) and
below, which 1s the typical operating range for the variable altitude
strategy. This is more than a 20 percent increase in payload capability
which can be translated into 20 percent fewer iogistics flights to handle
the required logistics traffic. Even accounting for the increased SOC orbit
makeup propellant required at the lower altitudes, the net savings in
logistics flights 1s from 10 to 12 percent over the full-range of
atmsopheric variations throughout a typical 1ll-year solar cycle.

Thus, a variable altitude strategy is recommended for the SOC.
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2.0 BERTHING & DOCKING
2.1 SUMMARY

The objective of Tasx 2.0 is to explore the SOC/Shuttle irteractioazs
related to berthing and docking in order tc (1) assess the suitabilat, of
the orbiter decign for performing these types of operations in conjunction
with a large orbiting system, {2) identify key safety reiated issues, (3)
drive out any special SOC requirements introduced by the berthing or dockang
processes, and (4) analyze the orbiter-SOC do~king interfaces for potential
commonality with other user programs.

Toward this end, the ability of the orbiter to safely perform terminal
closure and docking with SOC was investigated including a number of factors
affecting trajectory accurecy, major plume impingement effects and RCS jet
failure implications. The key findings from this investigation ars
underlined in the following raragraphs and accompanied by bdbriel
substantiatirg text.

The Orbiter Can Dock With The SOC

The orbiter flight control system is capable of translation and
rotational control accuracies of *0.015MPS (+0.05FPS) and +0.2 deg per sec
respectively which are well within tha limiting docking contact conditions
svecified for SOC. Also, there is sufficient thrust/conirol authority to
counter the gravity gradien:, aero and other disturbance forces and torques
encountered during the accking maneuver sequence. Thus, under normal
conditions the orbiter can safelv dock with the SOC.

A Runaway Jet Pose3 A Serious Problem Tut Appears To Be Controllsble With
The "Hi-Z" RCS Thrusting Mode

The critical concern with a runaway jet i1s the case just b2fore uocking
contact. Here, there is some danger of orbiter-SOC contact outside of the
docking envelope. Devisticas caused by a runaway Jet could drive the
orbiter outside of the docking enveiope before an abort mareuver to reverse
the clusing velocity could be completed. However, with the "Hi~Z" thrustiag
mode the stopping/turnaround times are sufficiently small that deviations
from any single runaway jet will always be within the safe dockair4 envelope
if the separation distance i1s within the turnarouna envelope at the time of
the jet failvre. Under these conditiors cdocking will occur wita the failed
jet =2till firing. For failures at separation d.stances greater than this
value, safe turnarcund aborts without orbiter-SOC -ontact can be made.
Man~in-the~lo0p simulations with visual cues and system response
characteristics are required to cornfirm this prelirinary finding.

A Failec "Off" Jet Is Not A Serious ®roblem

There is s~fficient redundancy in the prinmary RCS system that no basac
thrust authority 1s lost witn anv single failed off jet. Hence, all
maneuvers can be achiev:d withouat Aegradation. The only effect will be to
jatroduce a 0.24 sec time delay (3 DAP? sampling intervals, 80 milliseconds
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each) in the first thrusting action after the failure. The digital
autopilot (DAP) switches to the priority 2 jet in the affected jet group ant
all thrusting actions thereaftsr csll for the use of this jet and no further
0.24 sec time delays occur.

The SJ)C Shonld Be Designea For The Orbiter Docked Condition With Any Single
RCS Jet In A Runaway Firing Cecadition

As indicated above, if the runaway jet occurs just before docking
contact is nade a more or less normal docking hookup will be made with the
Jet still firing. If the runaway jet occurs anytime after this docking
commitment point 1s reached up to the time the orbiter flight control system
is disabled and powered down follosing normal docking the docked runaway jet
condition is possible. It is estimated that up to one minute may be
required to identify ard shutdown a runaway jetv. Thus, the recommendation
to design the SOC for this condition is made.

The SOC_Should Be Designed For The Plume Impingement Environment Associated
With The Hi-Z Thrusting Mcde

If a runavay jet occurs at any time in the docking maneuver sequence up
to the docking commit point (last fow inches) the safest procedure will be
to perfory a "Hi-Z" abort maneuver. The "Hi-Z" thrusting mode minimizes the
turnaroind time and distance and precludes orbiter-SOC contact outside the
safe docking ervelope. Thus, although there is a very low probability of
occurance for a runaway jet, particularly during the reiatively short time
interval (10 to 15 minutes) where the orbiter is relatively close to the
SOC, it can happen, and the SOC design should be capable of tolerating the
resulting pl'wme environment (9 +Z thrusters and possibly pulsed firings of X
and/or Y thrusters).

RCS Plume Effects “rom Normal Docking Operations are Relatively Mild

The orbiter +Zp thrusters tend to receive litile use during final
closure operations for normal docking. Most thruster actions will be for
corrections in orbiter X and Y body directions. Almost all close in
thruster action for normal docking will be minimum impulse adjustments,
approximately 80 milliseconds in duration. These brief bursts will be
moctly single or dual thruster firings and will inherently be aimed away
from the central SOC modules by the nature of the thruster geometry. What
little impingement exists in these cases will be mostly from the very low
flux region of the plune field. Thus, the main concern for normal dockirg
is the cumulative effects of mass deposition on sensitive SOC surfaces.
These mass depositcs will buildup over the years with the many repeated
dockangs required. These effects require further, detailed study.

Svecial SOC Provisions Are Probably Required For Protection From Hi-Z Abort
“hrusting Plumes

Although close in abdorts during docking are a very low probability
event, the combined effects of 9 Z-thrusters firing directly on the SOC for
a pe..od of two seconds or more can be severe. Large quanrtities of exhaust
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products can he quickly deposited on the frontal surfaces exposed to the
plume. Large control disturbances can be induced by plume impingement
forces. For the baseline SOC cerfiguration p.tching moments exceeding 75000
ft 1b and yawing moments approaching 20,000 ft lo are possible. Shielding
is probably required for 0OTVs parxea on the {light support and servicire
facility beneath the service modules. Plume induced rippling and shearing
forces on the delicate MLI thermal protection Llankets can cause extensive
damage. Thus, significant attention must pe given in the SOC design for
protection against these severe plume induced environments.

A Standard Mating Interface Can Be Provided

The principal output ot the dockdng/berthing design concept was the
development of a standardized mating interface that would accommodate the
SOC module mating, the orbiter to SOC mating, and also be compatible with
other programs requiring the mating of modules/pallets, and interfacing with
the orbiter. A standard mechanical alignment and latching concept was
developed as well es a standard utilities interface arrangement. The
utilities arrangement dedicates specific areas for the various utilaties
crossing the interface, i.e., electrical power, data, air distribution,
etc. The standard interface also provides a 1 meter clear opening which
will accommodate crew transfer through the interface for either a sujced
crewman or a shirtslaseve crewman.

All of the uvtilities are remotely actuated in order to make the
interface connections. These connections are made after the mechanical
mating has been accomplished and verified. The remote actuetion mechanism
has a manual override capability. Sufficient volume 13 available to permit
either 2 shirtsleeve or suited crewman to perform maintenance operations
within the mated interface.

The mechanical and alignment interface can either be an active element
wnich will accommodate a docking maneuver with an active attenuation system,
or be a passive element which will accommodate a berthing mate without
active attenuation.

A Docking Module Compatible With the Orbiter and Accommodating the Standard
Mating Interface 1s Feasible

A docking module concept was developed that incorporated the standard
mating interface. The docking module provides a pressurized, shirtsleeve,
transfer capsbility between the crbiter and the SOC or any other pressurized
spacecraft. The standard utilities interface arrangement, develcped for the
SOC modules interface, provides the utilities across the docking module
interface.

The docking module also interfaces with the existing srace lab tunnel
adapter, but 1s structurally supported independently by the paylcad bridge
fitting structure and latches. Isolation of the docking loads from the
tunnel adapter is accomplished with the use of s flexible seal member. The
docdng module has the capability to extenl .38M (15") above the mold line
of the orbiter and when retracted provides a .9M (36") clearance below the
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vayload bay doors. This excursion permits docking clearance and EVA
clearance for payload bay contingencies. A 1 meter clear opening is
maintained throughout the module.

Docking Module is not Required ‘o bs sp Airlock, But can be Provided :4f
Crowth Applications Warraen’

By utilizing the standard orbiter crew cabin arrangement, which includes
an airlock inside the cabin, no additional airlock capabilities are
required. Any EVA activities can be accomplished through the onboard
airlock. However, if, for instance, a space lab requires the capability for
EVA while retaining shirtsleeve passage between the crew cabin and the space
lab, the docking module can become an ai.lock.e The installation of a hatch
in the upper end of the docking module is the principal change that would be
necessary in order to provide the airlock capability.

Docking Module Acceptance for Unmanned Systems

Even though the docking module is designed for pressurized activities,
it is capable of being mated to unmanned, unpressurized spacecraft. The
utilities connections across the interface are still applicable and will
permit EVA maintenance if required.

EVA passage through the docking module, however, requires that the
mating spacecraft provide clearance for a suited EVA crewman to exit the
docking module.

-l

The docking mechanism, that portion that contains the guidance,
latching, attenuation, and utilities interfaces, can be mounted to other
docking or berthing devices that may be more amenable to unmanned
activities.

In summary, a standerd mating interface was developed that will
accommodate the mating of SOC modules, can be used to mate the orbiter to
the SOC through a pressurized docking module, and can be utilized in
unmanned or unpressurized spacecraft mating.

RMS Berthing Requires Software Mods, But Appears Feasible

High fidelity simula%ion runs by SPAR have shown the RMS has the basic
capability to handle the large masses and inertias associated with
orbiter/SOC berthing operations. However, minor changes will pe required in
the control software to permit stable control of the arm with these large
system masses.

Residual motions between the orbiter and the SOC were successfully
arrested usirg a slightly mod:fied manual augmented mode. This mode
eliminates the automatic switchover to the joint position hold mode wh~n
jJoint rates are reduced to threshold limits built into the software. Use of
normal arm stopring modes which include the automatic switchover feature
resulied in undamped oscillatinns. Since all of the RMS control modes for
moving peyloads have the builtin switchover feature, 1%t 1s not possible to
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reposition the orbiter to the SOC berthing port with the present software.
Undamped oscillations would result. Howev-r, the same modified manual
augmented mode of operation uzed in the stopping action above produced
stable control, thereby permitting the use of the arm for maneuvering the
orbiter to the SOC berthing pcrt. Thus, it is felt that the RMS
fundamentally has the capability for berthing the orbiter to the SOC, but
minor software mods are required for stable control. Additional simulation
analyses are required to confirm this finding with the addition of
S0C/Orbiter body flexibility effects which wers not simulated in the current
analysis.

Using the RMS to Berth the Orbiter to the SOC is Feasible, But Requires
Minor Software Changes

To minimize drift rates in the joint control electronics, the current
RMS contro) software is configured to automatically switch to a "position
hold® (PH) submode when all joint rates are within a 0.05 deg/sec rate
threshold. This increases the control gains and results in marginal
instability for the large system masses associated with the SOC and the
fully loaded orbiter. Sinulation attempts to arrest 0.1 fps residual
motions between the orbiter and the SOC resulted in undamped oscillations
after 800 secords. Elimination of the switchover to the PH submode produced
stable control; motion was well damped within 400 seconds.

An additional software mode is required to automatically maneuv.r the
orbiter to the SOC berthing port after the residual motions are nulled. The
current arm maneuvering software utilizes a "washout zone" to smooth the
stopping action at the designated position. Within the washout zone,
distance and angle to go data are calculated and fed into the arm control
network to insure a smooth transition to the desired final position snd
orientation. This feedback function has the same effect as the PH submode
above, the effective control gains are increased and instability results.

Modifying the arm software to eliminate these instabilities, judged by
SPAR to be minor changes, will result in satisfactory berthing performance.
Stopping distance and angles were within 18 inches and 5 degrees even for
the severe residual motions assumed for the simulaticn analyses. Wide
separation margins between the orbiter and the SCC were maintained and peak
arm loads while high were within design limits. Thus, RMS berthing the
orbiter to the SOC is deemed feasible, but requires minor modifications to
the arm control software.

2.2 PROXIMITY OPERATIONS AND DOCKING

This section presents the detailed analyses of orbiter proxamity
operations for direct docking with the SOC. Factors influencing closing
trajectory accuracy are discussed along with on-orbit flight modes, jet
failure effects and plume impingement considerations. The main objective is
to establish the general feasibility of docking the orbiter to a large
orbiting space system such as SCC and to drive out the major requirements
imposed by proximity flight and dockang operations.
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2.2.1 The Terminal Closure Problem

Most of the important facteors affeuting the closing trajectory for
docking are shown symbolically in Figura 2.1. The nature of these factors
and their significant interactions aro brierly described in the following
paragraphs to provide a general "feal” for the overall docking problem.

’

GRAY GRADIENT DIGITAL A/P MECHANIZATION
AERO TORQUES RCS THRUSTER GEOM
RELATIVE BALLISTIC COEFE . —
COUPLED MOTIONS
a TRANSLATION/ROTATION
77 |
724
€G OFFSEY

PLUME IMPING EME

(G
APPROACH PATH

v v R FORCES/MOMENTS
7 f N CONTAMINATION
O Y

FPIRURE 2.1 PROXIMITY OPERATIONS FACTORS

PERCEIVED MOTIONS
<9

# LOOKS LIKE 2

Gravity gradient an® aero torques which act on the orbiter vary with
orbiter attitude. These attitude related disturdbances couple with the
orbiter flight control system to produce small trajectory deviations. The
RCS thruster geometry in combination with the orbiter digital aitopilot
(DAP) mechanization produce slightly coupled motions, 1.e., trarslation
thrusting produces some rotational motion and rotational thrusting produces
some translational motion. Thus, as the orbiter autopilot attempts to
correct for the disturbance torques with rotational thrusting puises, small
translational perturbations are introduced. The magnitude of those effects
is dependent upon the orbiter attitnde and 1s also affected by variations in
approach path direction.

The relative ballistic cc efficient (W/CpA) between the orbiter and the
S0C will influence the tendency of the two vehicles to drift toward or away
from each other during the closing process. Additional translation control
impulses may be required to counter this drift tendency thereby adding to
the complexity of the closing operations. Precision control of these
translation meneuvers is further complicated by the nminimum impulse
characteriatics of the orbiter flight control system. Each time an RC3
thruster 1s firad it must te "on" for at least 80 milliseconds. The
resulting 4V imparted to the orbiter may be larger than the dasired
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corrective impulse, particularly during the final. close in phases of the
docking sequence where very fine corrections are desired. This may call for
counter corrections and so on, all adding to the piloting burden.

Orbit mechanics effects combine with various approach paths to require
differing piloting techniques for each path. Orbit mechanics effects for
out of plane approaches (H-bar, along the orbit momentum vector) cause
increases in closing veloci.y as the target is approached whereas for
approaches along the orbit radius vector (R-bar) the closing velocity
component is reduced by orbit mechanics effects as the target is neared.
Further, there are forward or aft drift terdencies with R-bar approaches
dependang upon approach direction, from below or from above. For approaches
along the velocity vector (V-bar) there are drift tendencies to rise or drop
depending upon whether the approach is rade from the rear or the front.
Approaches from skewed directions would have combinations of these effects.
As a result. pilot control actions and techniques must be varied for each
approach path direction.

The magnitudes of these effects are further influenced by the nominal
closing rate selected, i.e., how long the orbit mechanics effects have to
take effect and by orbit altitude which changes the aero and gravity
gradient environments. The dominance and/or true significance of any or all
of these factors can only be fully evaluated through rigorous real-time
mau-in-the-loop simulations.

Center of gravity (c.g.) offsets introduce two kinds of complexities
into the terminal closure process. First, for the orbiter alone, .he visual
reference cues used by the pilot are affected by the distance between the
pilot location and the orbiter c.g. because of ambiguities in the perceived
motions. To the pilot, pitch and yaw rotational drifts appear exactly the
same as linear motions along the Z and Y body axes respectively, thus
compounding the approach control problem. The second complexity introduced
by c.g. 0ffsets is related to orbit mechanics effects. If, when the docking
ports of the SOC and the orbiter are coaligned, there is a significant
offset in their respective c.g.s' orbit mechanics effects will cause small
perturbations in the closure path. This is because the two vehicles are 1n
slightly different crbits thereby introducing small relative velocaty
components. Both in-plane and ocut-of-plane perturbations can be produced
depending upon the c.g. offset direction.

Plume impingement from proximity RCS firings can also influence the
precision of the terminal closure operation. Plume impingement forces can
cangse small SOC orbital velocity changes and attitude disturbances which
move itas "docking target” and thereby complicate the docking maneuver
process. These plume induced forces and moments also cause specisl loaaings
and stresses in SOC structiral members a3 well as long term contamination
potential.

Thus, there are a number of potentially significant factors which can
influence the ability of the orbiter to safely dock with the SOC. The
following analyses are aired at determining their relative significance and
the degree to which they can affect docking feasibility.
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2.2.2 Orbiter Flight Control System Description

This section presenta the main features and operating characteristics of
the orbiter flight control sys*em which are impo:tant to the terminal
closure and docking operationa. Figure 2.2 illustrates a functional
schematic of the overall orbiter guidancs, navigation and control
subsystem. The main elements involved with on-orbit operations are
asterisked. These are mostly the sensors, controls and displays, the
on-board computer {and DAP software) and the RCS thrusters along with their
related signal control devices. There are many complex interactions
involving the flight control system which can affect ihe gwuneiral docking
problem, but the principal concerns here are centered on the RCS thruster
locations and geometry and tha performance capabilities of the digital
autopilot (DAP) controlled flight modes. Therefore, the following
discussion is focused on these topics.

L * *
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RCS Description

The reaction control sutsystem employs 33 primary thruoters and six
vernier thrusters to provide attitude coatrol and three-axis translation
during on-orbit and other flight phases. The RCS consists of three
propulsion units, one in the forward mcdule and one in each of the aft
propulsion podas. The basic physical arrangements of these units are
11lustrated in Figure 2.3 along with basic thruster performance data.
FMgure 2.4 gives the individual thruster identification nomenclature and
shows the general pattern of thruster locations. The 38 main thrusters are
clustered into 14 groups according to their thrusting direction. From two
to four thrusters are aimed in each of the 14 directions. With the
appropriate input commarnds they can produce three axis rotations and/or
translations. Teble 2.1 lists the individual thrust components and the
locations of thrust application for each thruster. These RCS physicel and
performance data are used in conjunction with the DAP flight modes and
typical orbiter mass properties to analyze key terminal closure issues
involving treajectory accuracy and jet failures.

PRIMARY
™ 1 FORWARD RCS MODULE 2 AFT RCS SUBSYSTEMS IN PODS
RUSTER (14) 38 MAIN THRUSTERS (14 FONWARD, 12 PER AFT POD)
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DISCONNECT Igp = 280 SEC
BRACKET 6 VERMIER IMRUSTERS (2 FORWARD AND 4 AFT)
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FIGURE 2.3 REACTICN CONTROL SUBSYSTEM

2-9

sl nidadiueh

PRI A

Nen st o ot d by

v

[T P



-

ORGhinL PAGE 13

OF POOR QUALITY

sRA
THRUSTER LOCATION DIRECTION GF THAUSTEN PLUNE o«rga )
¥ = Fwo MODULE Ly
L *AFTLEFT X : )
R = AFT RIGNT M M ReY
PROPELLANT MANIFOLD NUNGERS U eer
(1THROUSH 3 6 -2
& OIRECTION 0f MiAuUSTER PLUE
RivACS
ODIRECTION OF VENICLE MOTION
ROTATIGN ONLY. - -
Gra
—————
FUrugy
d 3
vaw /
y GP3 ’f), ﬁ"‘\*‘\‘
“
»YAW
fn 128 ]G' 2y Xg. Yg 2g DYNAMIC 00DY (MOTION)
oTEN v COOROIRATES
5 v TRANSLATION ONLY
+YAW T 2% FORWARD RCS
% R
2 Gre
/0L
Yo % arce oMTCH
STATION COOROINATES
FIGURE 2.4 RCS THRUSTER IDENTIFICA TION
TABLE 2.1 RCS THRUST COMPONENTS
THRUST COMPONENTS LB? THRUST APPLICATIOND
THRUSTER — RESULTANY
NUMBER FXg Fry FZg THRUST L8 Xg Yo Z,
F2F 27194 282 199 8879 308.72 “es 29296
F3F NO 1 798 00 1227 8880 306 72 0o 394 45
FiF 8754 262 1199 887 ¢ 308 72 -14 65 392968
FIL NO 2 -263 8738 182 8742 38207 £950 73
FaL -210 8703 0s 87086 384N -7es 35925
F2R NO 3 -20.3 -8736 182 8742 38267 6950 37373
F4R <210 8703 05 8706 38471 7165 35925
F2u 323 17 8744 8751 35093 439 41348
F3u NG 4 -319 00 8735 8741 350 92 00 41453
Flu -323 1?2 8744 8751 350 93 <1439 41340
F20 -280 8164 -8395 8986 33384 6142 356 95
F1D NO S -280 6164 -6395 8986 33384 6142 35699
F40 . -248 L1268 635 4 8859 34344 6823 358 44
F3D NO 8 -248 6128 6394 8859 34844 6623 IS8 44
FSR 08 -170 178 245 32438 $9 70 350 12
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TABLE 2.1 RCS THRUST COMPONENTS (CONT.)

—

T > COMPONENTS, L&® THRUST APPLICATION®
THRUSTER RESULTANT
NUMBER FXg FYg LT THRUST L8 Xo Yo Lo
RM, NO 7 8588 .0 %11 8700 1685 29 13700 47300
A1A 858.8 00 1511 870.0 1666.29 124 00 47300
L3A NO B 1588 00 1511 8700 1585 29 -13700 473.08
LiA 258.8 00 RLAR 8700 1588 29 «124 00 473 08
LaL 0.0 870§ -224 708 1516 00 -149 87 459 00
LaL NO.9 00 8708 -22.4 8708 1829 00 -149 87 459 00
L o0 870.8 -224 370 8 1542 00 -149 87 459 00
[S]18 0.0 8705 -224 87%.8 1568 00 -149.97 459 00
R4R (1] -8708 -224 8708 1818 00 149 87 459 00
R2R NO. 10 00 2705 -224 8708 1829 00 14987 459 00
AIR 00 -870.5 -224 8708 1542 00 149 87 459 00
RIR oo -370.5 -224 8708 1556.00 14987 45¢ 00
LW 00 00 8700 8100 1518 00 -13200 480 50
L2u NO T 00 [ L] 8700 8200 1529 00 -132.00 430 50
Lw 0.0 00 97090 8700 1542 00 -132 00 480 50
Ray 00 0.0 8700 8700 1616.00 132 00 480 50
R2U NO 12 00 00 8700 87200 1529 00 132 00 480 50
RWV 00 0o 8700 8700 1542 00 13200 430 50
LeD 170.4 2918 8017 870.0 1516 00 1196 43740
L20 NO 13 1704 298 8017 8700 1529 00 1w 440 00
L30 1704 29198 -8017 870.0 1542 00 -110 08 442 60
Rey 170.4 -2n 8 -8017 8709 1516.00 1198 a0
R2D NO 14 1704 -2978 8017 87200 1529 00 1100 440 00
R30 j 1704 -2918 8017 870.0 1542 00 11008 44260
LSO 00 ('] -240 4.0 1566.00 -118 00 456 44
R5D 00 0.0 -240 24.0 1585 00 11800 455 44
LSL 00 240 08 249 1568 00 =140 87 439 00
RSR 00 -240 Q6 240 1585.00 “s 8?7 459 00

MOTION COORDINATES BSTATION COORDINATES

Digrtal Autopilot (DAP)

The d¢1gi1tal autopilot consists of a set of functional codes within the
overall flight computer software. It provides the reconfiguration logic for
switching between the various control modes, the RCS control laws insludang
phase plane relationships/characteristics and jet select logic and the TVC
control laws for OMS thrusting. The DAP in conjunction with 1its
input/output electronics, computer hardware and the RCS jets provide
three-ax1s stabilization as well as a number of automatic or manual flight
modes for use in various on-orbit operations. The following paragraphs
summarize these flight modes and their expected performance capabilities.

The main flight control modes are i1dentified in the diagram of
Figure 2.5 and are selected or engaged with the push button indicator (PBI)
panel pictured in Figure 2.6. Mode select panels are located at the aft
crew station as well as on the center console of the flight deck.

2-11
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2CS RCS ToA ;€
RCS ROT PR
PRIMARY VFRNIER AUTO MANUAL
[ (oy
Axis) Anks)
’CS  KCS RCS
ROT TRANS rOT 1 1
ACCEL [ o:sc} [rm.g] accell |puse
FIGURE 2.5 FCS CONTROL MODES
ORBITAL DAP
( SELECT | [—CONTROL——  ——RCS KTS—
A B AUTO MAN NORM vern | |
r——-TRANSLATION - [ ROTATION —_—
X Y r4 ROLL PITCH YAW
DIsC DISC DIsC
HIGH RATE RATE RATE
NORM NORM NORM ACCEL ACCEL ACCEL
PULSE PULSE PULSE PULSE PULSE PULSE

FIGURE 2.6 MANUAL PCS MODE SELECT (PBI) PANEL
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Primary or Vernier Jet Selectinn. Primary or vernier jets are selected
using the PTI panel. Pushing the 'NORM" button selects the primary RCS &nd
the "VERN " button selects the verniers. Selactrion of the vernier jets
eliminates the possibility of performing translation maneuvers. The vernier
system consists of only six jets and tecaime of their installation geometry
the system is not capable 3f producing “pure” translational motions. If
translational motion 18 required as in the case for docking maneuvers, the
primary thrusters must be selected. Further, 1t is not possible to
simultaneously use the vernier jets for rotation and the primary jets for
translation. If translation 1s required the primary thrusters must also be
used for rotat:onal control.

Automatic or Manual Rotation Control. Either of these modes is selected
using the "AUTO" or "MAN" buttons on the PBI. The "AUTO" button engages the
automatic mode and "MAN" the manual mode. These selections affect only the
rotational control submodes. The translatio=al control modes are always
manual, even 1f the "AUTO" rotational mode 1s selected. In the automatic
mode, the RCS (either primary or vernier) provides rotat:on control required
to implement attitude and angular rate commands generated by the guidance
system. Through the CRT display and keyboard 1t 1s also possible to command
various desired oriontations and then use the AUTO mode to implement the
reorientation maneuver. Large maneuvers performed in this fashion utilize
rotation about a single axis (ergenaxis), net necessarily one of the vehicle
control axes. It 1s also possible, using the CRT/keyboard and the AUTO
mcde, to maneuver the orbiter to any spec:ified orientation and then hold
that attitude in either a local or inertial coordinate system. Thus, as an
aid to docking maneuver operations the orbiter can be co-aligned with the
SOC in a local vertical hold (LVH) coordinate frame, which then
automatically maintains the SOC-orbiter alignment thereby freeing the pilot
workload from rotational control tasks.

The manual RCS rotation mode 1s engaged 1f the manual PBI i1s pressed or
the rotational hard controller (RHC) is out of detent in any axis. There
are three manual rotation sutmodes as described below. Selection (but not
activation) among these submodes can be enabled independently for each
control axis through the nine PBIs on the mode select panel. If the flight
control system 1s i1n tne manual RCS rotation mode, the current PBI-selected
submodes are active, and submode changes can only be made 1f the RHC 1s in
detent 1n all axes. If the flight control system 1s not in the manual RCS
rotation mode, the current PBI-selected sabmode will be indicated for each
vehicle rotation axis by 1llumination of the appropriate rotational PBI.
Thus, three rotation PBIls, one for each axis, will always be illuminated.

Manual Hotation - Acceleration/Drift Submode. This submode 1is
independently selectable for each of the three vehicle control axes by
pushing the "ACCEL" button on the PBI panel. In this submode, the RCS will
implement a contiauois angular acceleration about the affected arxis,
corresponding in direction to the sense of the RHC deflection, while the RHC
13 out of detent. Free drift will be implemented while the RHC is in
detent.

2-13

R U W

prop.



Manual Rotation - Discrote Rate/Attitude Hold/Acceleration/Draft
Submode. Thrs submode 1s independently selectable for each of the three
vehicle control axes by pushing vhe "DISC RATE" button on the PBI panel. In
this submode, the type of :1otational control will ve a function of the
position and history of the RH(C. When the RHC is 1n the detent position,
the RCS #4ill implement an attitude hold about the affected axis. The
reference attitude will be the attitude existing at the time the RHC wsas
moved i1nto detent or at the time the submode was i1nitiated, whichever
occured later. When the RHC 1s moved out of detent but not allowed to go
beyond soft stop, the RCS wi1ll implement a preselected angular rate
(discrete rate) about the affected axis, corresponding in direction to the
sense of the RHC deflection. When the RHC 1s moved beyond soft stop, the
RCS will implement continuous angular acceleration about the affected axis.
Wren the RHC 1s moved back within soft stop but not allowed to go into
detent, free drift about the affected axis will be implemented.

In essence, this submode provides the ability to minually change the
orbiter attitude at preselectad rates, but with the further capability of
increasing the present maneuver rate by going beyond the soft step
position. Attitude hold at the new attitude 1s then 1mplemented by
returning the RHC to the detent position.

Manual Rotaticr - Pulse/Acceleration/Drift Submode. This submode 1s
independently selected for each of the three vehicle contr~l axes by pushing
the "PULSE" button on the PEI panel. In this submode, the type of
rotational control will be a function of the position and history cf the
RHC. Fach time the RHC 1s moved out of the detent but not allowed to go
beyond the soft stop, the RCS will increment the angular rate about the
affected arxis by a preselected amount (pulse) corresponding 1n sign to the
sense of the RHC deflection. It 1s possible to accumulate an integral
number of desired angular rate increments by moving the RHC alternately out
of detent and into detent while not allowing 1t to go beyond the soft stcp.
Free drift about the affected axis will occur following achievement of the
accumulated desired angular rate - ncrements, regardless of whether the RHC
18 2n or out of detent at tne tim2. When the RHC 1s moved beyond the soft
stop, the RCS will implement continuous angular acceleration about the
affected axis, corresponding .n direction to the sense of RHC deflection.
When the RHC 1s moved bacx within the soft stop, free drift abcut affected
ax1s is implemented. The accumulatad desired angular rate increments are
zeroed whenever the RHC 1s moved beyond the soft stop so that free draft
continues at the final accumulated rate resulting from the sequ-nce of
pulses plus the increment from the cont:nuous argular acceleration
interval. Stopping or slowdown actions are performed by reversing the RHC
deflections.
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This submode provides the ability o establ-sh desired angular -ates by
combinations of continuous angular acceleration intervals and "beeping” 1in
adjustments with pulses. Bas:c orbiter attitude changes could be made w.th
this mode, but 1t 1s more useful 1n settirg up desired attitude rates such
as m:ght be used i1n orbiter fly around operations for pre-docking
inspections, etc.

In addition to the autoratic and manaal modes of rotationa! control
described above there is additional versatility in the flignt control systenm
to allow the designation of nose or tail thrusters to perform pitch and/or
yaw maneuvers. These options are called "LO NOSE" and "LO TAIL" and are
entered with the CRT/keyboard panei. They may be utilized in copjunction
with any of the rotational control mcdes employing the primary KCS system.
The pramary purpose of these options 1s for propellant management to assure
balanced consumption between the forward and aft RCS modules. These modes
would also provide smaller minimum impulses to rotat-onal contro’
operations, but would introduce larger translational coupling disturtances
than the normal rotational control modes.

Manual Translation Control. As indicated earlier, RCS manual
translation control is available only 1f the primary RCS 1s active (not 1f
the verniers are selected). Once the primary RCS option is selected manusl
translation control i1s engaged, regardless of whether the menual or th:
automatic rotational control mode 1s selected. Thus, manual translat:onal
control 1s available at all times when the primary RCS 1s act:vated.

There are two manual transiation submodes, as descri“ed telow.
Selection {but not activation) of either of these submodes may be enabled
independently for each vehicle translaticr control axis, through a set of
seven translation PBIs. Submode changes can only be made when the
translation hand controller (THC) 1s in detent 1n all axes.

Manual Trans’ation - Acceleration/Dr-ft Sutmode. This submode 1s
selected by pushing the ‘NORM" button on tbe PBI panel for the X and Y axes
and by pushang either the "NORM” or "HIGH" buttons for the Z axis. In tnis
sutmode, when the THC 1s moved cut of the detent, the RCS will implement
continuous acceleration alcng the affected axis, corresponding in direction
to the sense of the THC deflection. When the THC 1s returned to the detent
pos:ition, free drif. occurs along the affected axis. If the "HIGH" option
18 selected for the Z axis, the +2 acceleration will be at a hign level (up
to 9 Z-thrusters firing) while the -2 acceleration w:ll remain at t'e normal
level (typicallry three thrusters firing). Thue for docking operations
target closing naneuvers (-2 direct.on) are at normal acceleraticn levels
while reverse thrusting (+2 direction) for abor: purposes would be at tne
higii acceleration levels.
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Manual Trans'ation - Pulse/Drift Submode. This submode is selected by
pushing the "PULSE" button on the PBI panel. In this submode, the type of
translational control 1s a function of the pos:ition and history cf the THC.
Each time the THC is moved out of the detent position, the RCS will
increment the translational veiocity aiong the affected axis by a
preselected amount (pulse) corresponding in s:gn to the sense of the THC
deflection. It 1s possible to accumulate an integral number of desired
translational velocity incremerts by moving the THC alternately out of
detent and into detent. Free drift along the affected axis occurs following
acrievement of the accumulated desired translational velocity increments,
regardless of whether the THC is in or out of detent at the time.

Translation Control - "Low Z" Braking. In addition to the basic
tranclation nodes described above an additional option called "Low 2"
braking (sometimes referred to as "+X braking) is also aiailable. This
auxiliary mode 1s selected with a special PBI switch and is intended fcr use
in proximity operations where sens:-tivities to plume impingement are high.
In this mode the plu. aad minus X RCS thrusters are fired simul taneousiy.
The canted installation geometry of those thrusters provides a substant-al
+Z component of thrust (approximately 15 percent). By faring both forward
and aft thrusters simul*aneously their X-ax:s components cancel and the +i
components provide brak:ng acceleration along the Z-ax:s. Since the main
RCS plume concentraticns are directed away from the region over the cargo
bay, plume effects are reduced for botn stat:onkeeping operations within the
RI'S reach envelope and dock ng apprcaches along the T-ax:s.

Mode Comnatibility. Tigure 2.7 siows the compatible ccmbinations of the
cn~-orbit flight control modes. Basically, the main compatibilitiec are:
(1) With the vern:er RCS engaged, all rotational control modes and submod .
can be activated, one at a time, with any mix of submodes per contrel axis
that may be desired; (2) The same 1s true for the primary RCS selection,
but with the added capatility to mix any translational control mode./subtmode
with eny rotational mode/ submode configuration. The main incompatibilities
ave centere’ within the submodes where only one submcde per axis is
permatted in each of the rotat-onal and iranslational control functions.
T1his 138 becaise each submode is designed to produce a wigue control =ct.on
and simultaneously ergagement would destroy the unique response. The other
principal incompatibility 1s the primary,/vernier jet selection. It is not
possible to mix the use of these options such as to use the vernier jets for
rotaticn control and the primary jets for translation ceontrol. Only
rotational control 1s availeble with the verniers. If translation is
needed, the primary RCS must be selected and rotat oral contrel 1s
automatically switched to the primary RS thrusters.
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2.1 PRIMARY RCS T ox §
2.2 VERKIER RCS X 1 XXX
23 RCS ROTATION 1 ‘
2.3.1 AJTO RCS ROTATION (EIGENAXIS) 1XXXxXx !
2 3.2 MANUAL RCS ROTATION Xt
2.3.2 1 ACCELERATIGN/DRIFT X 1w
2.32 2  UDISC/A.H JACCEL/DRIFT X *714
2.3.2.3  PULSE/ACCEL/ORIFT X a1 ’
2.4 MANUAL RCS TRANSLATION X 1
241 ACCELERATION/DRICT X 18 :
242 PULSE/ORIFT X * 1
{PARAGRAPH NUMBERS IN THE REFERENCE KEY
DOCUMENT- SD 72-SH-0105, VOLUME 1, - !
800X 2, REQUIRENENTS DEFINITION BLANK = COMPATIBLE

POCUNENT (FEB  1380). * w COMPATIBLE WITMIN
A GIVEN AXIS
= INCOMPATISLE

= [DENTITY {

-

FIGUEE 2.7 FCS MODE COMPA IIBILITY

Mode Set A or R. W-thin the overall framework of modes and submodas
discussed above there exists an additional option for rapidly changing the
on-orbit control configuration. The PBI panel (previous F.gure 2.6) has an
A or B selection option in the upper left hand corner. Ti+s allows rapid
switching between ti'o preselected control configu-aticns. Trese control
configu ations consist of specific combinations of rotational and
translational modes each with spec:fied attitude deadbands, angular rates,
angular or translational pulse sizes, etc. This could be used, for example,
to assist in making changes from i1nertial attitude holds to local vertical
holds or in reducing attitude deadbands and translation pulse sizes during
the fipal phases of terminal closure to aid in precision trsjectory
control. Thus, 1t can be used 1n many ways and circumstances to reduce
pilot workload dur ng critical mission operations.

On-Orbit Control Performance. As irdicated 1n the preceding parag aph
the overall control configuration can be rapidly changed during the mission
with the A/B mode set selecticn buttons on the 231 pane!. In addition, most
of the control parameters in these pre-specified mode sets can 1lso be
indiv.dually changed during the mission with the CRT, keyboard panel. The
selection ranges {or those parameters are listed in Tabtle 2.2. Although the




ORICE"L T
OF FCUR G- -+

TABLE 2.2 DAP LOAD PARAMETERS

EACH DAPLOAD COMTAINS VALUES
SEPARATE VALUES AJTOMAT ICALLY
FIR UPDATED WHEN
VEN  INERTIA WANUALLY SELECTABLE
PRIN/VERS | ROLL/PITCN | D1AGONAL AL
PARMNETER Wiy (33 YAY UPDATED KEVEOALD ENTRIES
© THRESHOLD FOR OPIN-LOOP ACS OFF-AXIS COUP- | 0EG’ t2 vEs » [ ] PRIN: 0 00 VO 0 99
LING CONPE SATION FIRING yirn: © 00 10 0 999
® ATTITUOL OEADBAND, RS OFGREE w0 Yes L] 0 910 T A3 000
© ANEUVER RATE, AUTORATIC AND MANUAL 0£6/SEC ves 0 o PAIN: 0 056 TO T 000
DISCRETE RATE ACS AOTATION VEM: @ 002 YO | 000
©® PITCH ACCELERATION OPTION (WORINAL, LOW NONE [ "0 no 119)
USING FWD ACS, LOW USING AFT ACS)
© YA ACCELERATION OPTION (ROMINAL, LOV USING | wONE L L] L RIS
FuD RCS, LOW USING AFT RCS)
® PAYLOAD CONFIGURATION (PAYLOAD MOT EXTEMOEO | moweE L o w0 oTes
ANY OF FIVE PAYLOAD-EATENDED CONFIGURATIONS)
© MATE OFADBAND, RCS NOTATION 0€a/sEC ves ] ~ Pt 02T0500
vEM: 0 @) TO O 500
® WANUAL RCS ROTATION PULSE $I12€ S£6/SEC TS "0 ] PRIN; 0 ¢A TO ) 00
VERN: O 01 T0 0 500
© PANUAL RCS TRANSLATION PULSE SI2E FT/3€C » "0 [ ] 00l ves sy
® NONINAL AVERAGE CONTROL ACCELERATION ACS oec/sec? w0 vES ves TG 8L DRTEAmINGD (TBO)
ROTATION, PAYLOAD NOT EXTENOLJ, PRIMAAY RCS
© HOMINAL AVERAGE CONTROL ACCELERATION, RCS oeassec? ] Yes 011 ™we
ROTATION, PAYLOAD MOT EXTENOEOD VERWLER ACS
e

DAP load parameter ranges listed in this table can be entered via the
keyvboard the actual system verformance may be degraded slightlyr by varicus
hardware characteriatics such as minmimum impulse sizes, motion coupling,
sensor tolerances and alignments and other factors related to the many
individual elements which make up the flight control system. The current
axpected performance capabilities are summa-ized in the follow:ng cha t
seguents.

m
o ANGULAR RATE LINITS: RCS TS RN Jsney | NeE
PRIMARY 0.2  to 4.0
VERNIER 0.0l to 0.5
- s, . ATTITUDE DEADBAND
o ATTITUDE DEADBANDS: RCS JETS RANGE ( DEGREES)
PRINARY 1.0 to 20.0
VERNIER 0.1  to 20.0
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MAX. LIMIT CYCLE
o LIMIT CYCLE RATES: RCS JETS RAE (°/SEC)
PRIMARY 0.2
VERNIER 0.01

DISCRETE RATE

Q.
o DISCRETE ANGULAR RATES: RCS JETS RANGE (*/SEC)

TOLERANCE

PRIMARY | 0.1 to 2.0 |+ RATE LIMIT
VERNIER | 0.1 to 1.0 |+ RATE LIMIT

o TRANSLAION PULSE SIZE: RCS JETS PULng%ZE TOLERANCE
1.5 to 150.0 o
M/SEC |+ 15 CM/SEC
PRIMARY
(0.05 to 5.0}, o renr
FT/’SEC) \: 0005 FL/ SEC/
VERNIER NO TRANSLATION CONTROL

These performance capabilities are the current "work to" numbers for
STS-1 and 2 (Reference 7). Actual flight experience and furthe-~ development
efforts will likely yield improvements as the STS system matures. Although
this i1mproved performance will likely be available for SOC related miss oas,
the actual performanc? which will be achieved .s unknown. Thus, for
conservatism, the current performance characteristics listed here were used
in this study.

2.2.3 Simpl:ified "Open-lLoop” Docking Aralysis

The preceding paragraphs have identif:ied the many factors wh:ich can
affect the ability of the orbiter to dock with the SOC. A simplified “open
loop” simulation analysis of the terminal docking maneuver was conducted to
develop a general fvel for the relative significance and/or sensitivity to
sone of these influencing factors. Specifically, the effects of approach
path direction, various flight control system characteristics, orbiter
attitude, c.g. offset of the docking port and the interactions of these
factors witn orbit mechanics effects were investigated.
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The basic problem model for th-s analysis 18 illust-ated in Figure 2.8.
Using these input characteristics, a series of ballistic closing paths were
computed for i1nitial standoff distances of 9.1M (20ft) and 15.2M (50ft) on
the High Fidelity Relative Motion Program (HFRMP). This s mulativa program
modsls the relative motion of the orbiter and a coorbiting vehicle (SOC) and
outputs orbital and relative motion parameters. The location and force
components of each of the 44 primary and vernier RCS thrusters are contained
in the program. They are used to model the orbiter translational and

DOCKING PORT,
(ORBITER COOQRD SYST)
X, = 620N,
Y, 0 IN.

Z° = 515 IN.

ORBITER JMASS PROPERTIES
W = 251,600L8

lyx = 0.94x 10° SLUG FI2
by ®7.25 =108 5LUG FT2
17z *7.54x 108 SLUG 12

ONBITER C.G.

.. = 1090 IN,
Y, " 0 IN.
Z, - 364 IN

FIGURE 2.8 DOCKING TRAJECTORY GEOMETRY
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rotational maneuvers currently possible, along with the propellant
consumpticn., The program also models the aero and gravity gradient effects
as influenced by orbiter attitude and the orbit mechanics interactions
1nduced by c.g. offsets and approach path variations.

An idealized closing AV wcs determined for each simulation case to be
run. These AVs were designed to carry the orbiter from 1ts :nitial
standoff location to a "perfect” docking contact closure. The assumption
was made that initially the orbiter docking port was aligned with the SOC
docking port along the approach path (V-oar or R-bar) with zero relative
motion between the docking ports. Th-s implies the capability for accurate
orbiter stationkeeping at the start of the problem even t'ough the c.g.
offset geometry places the two vehicles :1n slightly different orbits. Ideal
closing times of 1.8 and 3.0 minutes were selected for the 9.1M to 15.21
standoff conditions respectively. This gives nominal coniact velocities in
the upper mid range of the docking envelope specified for SOC 1in
Figure 2.9.

AXIAL CLOSING VEL 0.05 (C.15 MPS
(0.16-00, 5 FFS)
LATERAL “EL $0.08 MPS
(£0.2FPS)
ANGULAR VEL <0.6 DEG/SEC
LATERAL MISALIGNMENT <0,2M
(£ 0,75 FT)
ANGULAR MISALIGNMENT <5.0 DEG (ROLL)
- <6.0 [(£G
(PITCH/YAW)

TIGURE 2.9 PRELIVINARY SOC DOCKING REQUIREMENTS
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were super:mposed on these ideal conditions.

effects.

case errors which can be introduced by the 80 millisecond minimum impulse
size mechanized in the DAP.

from the HFRMP program for one of the cases.

Figure 2.10 shows an example CRT output graphic

CASE 2,11
TALL DOWN
V APFROACH

in some cases one or two corrective

However, the effects of slight imperfections nn the closing maneuvers

First, ‘he actual thruster
burn times for the X and 2 thrusters were determined allowing for their
canted thrust angles and c.g. offsets.

rotational impulses were also intrcduced to simulate ccupling compenaation

Various combinations of plus or minus 80 milliseconds of thrusting
were superimposed on these idealized burn t:mes.

These would be the worst

The coordinate system 13 shown

ZimiaL = 9.1 M RO
Tz & Tx = 40.080 SEC

.

1]

MISS DISTANCE
0.52 M (20.6 IN.)

-20

FIGURE 2.10 EXAMPLE DOCKING TRAJECTORY
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at the orbiter c.g. and te sequence of relative positions between the
orbiter and the SOC are symbolized by the series of overlapping rectangles
arcing toward the orbiter docking port. The rectangles represent a section
of the SOC service module. As noted on the figure, the case shown 1s for a
tail down approach along the velocity vector (V-bar) with an initial
standoff distance of 9.1 and with X and Z burn time errors of plus 80
milliseconds The docking miss distance 1s shown to be 0.52¥ (20.6 1in),
significantly outside the 0.23M (*9 in) envelope allowed (Figure 2.9).

The results for all of the cases run are summarized in Tables 2.3
through 2.6. The i1dealized velocities are noted on these tables along with
the individual firing time error combinations, fuel used, actual post burn
AVs and the docking contact conditions. The docking contact conditions
are measured at the docking port and include the effects of angular motions
coupled with the c.g. offsets as well as the basic orbiter c.g. motion. The
numbering code for the individual case runs i1n the left hand column of these
charts 18 described in Table 2.7 below. The maximum orbiter attitude
deviations and deadband character:stics for each run are shown in Tables 2.8
and 2.9 respectively. CRT graphics similar to the example in Figure 2.10
are contained in Appendix B for all the cases run. Appendir B presents the
complete simulation analysis package.
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TABLE 2.3 30-FT, +V NOSE DOWN, 1.8 MINUTE TERMINAL APPROACH CASE*
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TABLE 2.6 X-POP (SIDEWAYS), +V, 1.8 MIN., 30-FT APPROACH CASES*
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TABLE 2.7 EXPLANATION OF CASE NUMBERINGS 3YSTEM

FIRST NUMBER—APPROACH PATH AND ATTITUCE

1. +V, nose down

2. +V. nose up

3. -R, nose (¥%,) in +V direction
4 +R, nose (Xp) in -V direction

SECOND NUMBER—FIRING TIME ERRORS

For a given case, numbers 1 throug! + designate the tour  esah o

ways to fire the -Xy and -Zp o J v sters, either . jy sv d
or the ideal firing c1—2

Additiorally, usiny Jd "Tadber desiwnates
the same thing, LT [,

THIRD NUMBEP=-ANC

1. X an1 7y ot s CUINS 1 v dewtely tosl wWed by o
© Js-sec pitcn rotational cuirection

2 Si~e s> 1, with another 0 « v—<ec pitch rotatio v (orrec-
ti.  oproximdtely halter tHy re SOC de »
3 S1-¢ 1 1, ex ept mo r(t, s . (SN SR

+ ~ame 23 1, e~cepr the pltlh correc 1 occars » 3 natse

FOLRTH \IMEFR

R TR T l or PO L= 1 oas oa - b

closure
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TABLE 2.8 MAXIMUM ORBITER ATTITUDE ERRORS (WITH RESPECT
TO THE IDEAL LOCAL VERTICAL ORIENTATION)

L N i Y F o Raaanaiesntndd

MAXIMUM ERROR MAXIMUM ERROR MAXIMUM ER™ —
RATE | EXCURSION RATE | EXCURSION RATE | EXCURS 10N
CASE (*/sec) {deqrees) case (°/sec) (degrees) CASE (*/sec) (dearees)
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Simulation Results

Viewing the data in Tables 2.3 through 2.6 and comparing to the ]

requirements in Figure 2.9, the critical docking condition is lateral
m1sal ignment. Successful cases are indicated by the black triangles at the
left. All the other dc-:king conditions can be met easily, if a pitch
deadband 1s maintained (HFRMP lacks the automatic capab-lity to simu ate

limit-cycling deadband behavior). For Tables 2.3 and 2.4, nine cases are
successful, 19% of the 9.1X (30 ft.) +V cases. For Table 2.4, 25% of the
15.2M (50 ft.) R cases and 50% of the 9.1M R cases are successful. Note the
success rate is doubled by approximately halving the closure distance. Th:s
18 to be expected as 1t gives the initial errors only half as long to
propagate- The success rates of 9.1M for V and R approaches cannot be
compared directly. Since the V cases had higher initial patch rates, they
needed more pitch corrections. Also, all the R cases used a single nose
thruster to provide X; thrust; 44% of the singie nose thruster, pitch
rotationally corrected 9.1M, 1.8 min., V cases were successful; 50% of the
1.8 min., 9.1M, R cases were successful. Interes»ing to note is the effect
of one primary nose thruster (F3F) versus two (¥ F, F2F); onlr 8% of the_two
thruster V cases were successful as compared to 29% of the one *luruster v
cases. One thruster firing and missing its ideal time by .08 seconds gives
a AV increment closer to the required value than two thrusters each
missing their ideal time by .08 seconds.

PR,

All except one of the successful docking cases i1n Tables 2.3 and 2.4
occur when both the Zy and Xy thrusters burn either 80 milliseconds too
long or too short. These cases are virtually split between long or short.
This makes sense because when one set of thrusters fires too long and the
other too short, the error is effectively twice that of when they both f re
short or long.

Approach attitude appears to have little effect in terms of aero drag.
or gravity gradient, as long as the_orbiter 1s in a stable or semistable
attitude (one principal axis along R or V and one pe- pendicular to the orbit
plane) because cf the short docking times involved. This was proven early
in the study by making :dentical HFRMP docking runs from 15.2M with and
without full aero and gravity gradient effects. The only discernable effect
was a difference in lateral deviation of 0.1 1inches.

However, the offset of the c.g. from the orbiter docking port causes
orbital mechanics effects, particularly in the sideways approach caze (to be
discussed later). The c.g. 1s displaced approximated 11.9M (39 ft) from the
docking port along the Xy axis, Therefore, depending on the approach
attitude, the AV requirements will be different because of the way the
c.g. is oriented with recject to the docking port. The astronaut must be
aware of this. Another c.g. related problem is orbiter rotation. The
astronaut in the cabin cannot perceive a difference between orbirter
translations and rotations because he is so far from the c.g. The soluticn
to this would be to keep a very tight angle deadband. This approach was not
desired auring the simulaticn because the translations imparted during .08
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sec. (minimum impulse) rotationsl corrections can make the lateral deviation
#orse. Also, the allowed 6 degree pitch masalignment for safe dociing
permits large deadbands.

Some deadband information can bs gleaned from this study, however.
Tables 2.8 and 2.9 show the maximum orbiter attitude er.ors and equivalent
deadbands, respectively. Table 2.8 shows the largest rate and angle
excursions per case from the initial terminal approach attitude. Yaw rates
and angles are not shown because they are essentially zero. Notice how roll
errors are very small, also, and probab'y do not require correction. The
deadbands shown in Table 2.9 are derived ty equating p-tch correctinns to
deadbanding behavior. For applicable cases, a rounded-off value from
Table 2.8 1s listed in Table 2.9 as a rate deadband 1f it occurs at the
beginning of the run and as an excursion deadband 1f it occurs halfway
through the run. The roll values were so low that as before, they were
excluded. The runs listed in Table 2.9 have rate deadbands of approximately
.05°/sec., and excursion deadbands of roughly 3 degrees. If HFRMP had full
attitude hold motion simulation capabilities (it can only simulate
propellant used in attitude holds), the runs probably would not be
aignificantly different 1f these deadbands were used. The rate deadband
wouldn't be realistic, however, because the minimum rate deadband with
primary jets, 1s 0.2 degree/second. Then, probably all attitude cont ol
during terminal approach would have to be accomp ished using small (1.0
degree or less) pitch excursion deadbands. Vernier jets are capable of rate
deadbands as low as .0l degree/second, but cannot be used because they are 5
disabled when the primary mode 1s initiated.

An interesting effect occurred on all runs because of the AV component
inmparted ir the +X, direction when firing the -Z, direction primaries.
On runs with 1n1t1&1 attitudes set up so that the tail (+X,) primary
thrusters would provide the impulse velocity needed along ghe X axis (+V,
nose down for example), the Zb primary thruster firing yielded more
impulse along +Xb than necessary. Therefore, the nose primeries had to
fire, instead of the tail primaries, to decrease the impulse along the Xy,
axis to the correct level. The same happened in all other cases, because
the initial attitude was selected so that the orbiter docking port faced the
S0C. Most of the AV for 1dealized docking 1s required in the =2y
direction, therefore, the +X; component of thrust due to a -Zy ccmmand
builds up due to the relatively long firing time in the -Z direction.
FPigure 2.11 illustrates this for V docking, with one and two nose thrusters,
versus terminal docking distance. The time to dock has been normal-zed out
of the plotted data by requiring an axial docking speed of about 0.1M/sec
(.33 ft/sec). At approximately 16.1M (53 ft) for the nose down orbi*er the
X, thrusters do not have to be used because *he -Zj thrusters contribute
enough +X, thrust. For greater distances they do not provide enough
thrust (or AV :mpulse) so for nose down cases the aft thrusters must be
used. Por a nose up orbiter, the -I, thrusting provides +Xy impulse in
the opposite direction tvo that required, so the nose thrusters must always
null out this AV component besides providing the AV of opposite sign for
docking. This 13 why the nose up case curve never crosses the horizontal.
The curves for other approach cases are about the same. -
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FIGURE 2.11 REQUIRED FIRING TIMSS FOR Xp PRIMARY THRUSTERS

The sideways V docking cases are presented in Table 2.6. They are
presented_separately because they were not analyzed as thoroughly as
in-plane V and R cases and because the nrocedure involved -n sideway. V
docking requires an extra out-of-plane translational burn and extra
rotational burns. The orbiter :s initially sideways with 1ts docking pert

lined vp 1n the SOC's orbital plane and with 1ts relative velocity in the
X direction initially zero. This requires an orb-t with a slightly

different inclination for the orbiter because the c.g. is not in the same
plane as S0C.

Two ir-plane burns are required, (-2, +Y,) 1dentical to thLose
required for a tail-up or tail-down V approach. However, a third
out-of-plare burn (-Xb) 18 necessary to line up the docking port at
contact. Because of a lack of thruster compensation, the third burn is 1ot
independent of the first two. Three axis trarnslational thrust coupling
cawes egpecially high rotational rates. A human operator would have
difficulty in predicting the coupled reaction: to a selected translational
commarn’. Unlike V and R in-plane maneuvers which require only pitch
corrections, sideways docking requires corrections about all axes, inducing
additional errors. Table 2.6 shows that at 9.1M, sideways docking is worse
than +V docking at 15.2M (Table 2.5).
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The main conclusion from th-s analysis 1s that the orbiter can be flown
to successful docking contact conditions, but that "close in" AV
adjustments, mostly in the X and 1 directions will be required. Also, the
character and number of these corrective impulses will be affected by the
closing geometry V, R, etc., and orbiter attitude, tail up or down, X-POP,
etc.

Although the above simpliried simulation analysis did not include
realtime man-in-the-loop response characteristics the general conclusions
appear valid in light of the crew controlled terminal closure simulations
conducted several years ago. Man-in-the-loop simulations with high fidelity
orbiter flight control characteristics were conducted by JSC in support of
LDEF retrieval investigations. The objectives of tnis simulation activity
are summarized in Frgure 2.12 along with some of the conclusions judged to
be pertinent to the current SOC study. The results identified problem
sensitivities to approach path and orb:ter att:itudes similar to those
described above. However, piloting techniques were developed which
indicated the capability to fly up to and stationkeep with the coorbd- ting
LDEF target vehicle to within 0.009MPS (0.03 FPS) relative velocity in all
axes. This is well within the docking contact velocity enve ope specified
for SOC and, thus, confirms the belief that the ortiter can successfully
dock with the SOC under normal conditions.

STUDY APPROACH PATH OPTIONS TO LDEF, JSC - 12776, NOV T, 1977

OBJECTIVES:

® ORBITER CAPABILITY TO APPROACH & STATIONKEEP WITH
PLUME SENSITIVE P/L

o ESTABLISH PERFORMANCE DATA BASE FOR VARIOUS
APPROACH TECHNIQUES
RESULTS:
oR &V APPROACHES OFFER OPERATIONAL ADVANTAGES —
o i APPROACHES ARE CONDITIONALLY FEASIBLE
o ALL APPROACH MODES SHOULD BE CONSIDERED

© PILOTS CONSISTANTLY MAINTAINED STATIONKEEPING WITHIN 0.03 FPS
ALL AXES

® SPECIAL TECHNIQUES CAN GREATLY REDUCE PLUME EFFECTS +X PRCS
("LOW Z") BRAKING

® FORE & AFT CCTV's ARE VALUABLE AiDS FOR FINAL CLOSURE
A TOTAL OF 20 CONCLUSIONS & RFCOMMENDATIONS ON

TECHNIQUES, TRENDS, & SENSITIVITIES RELATIVE TO PLUME
EFFECTS & FUEL CONSUMPTION

FIGURE 2.12 JSC TERMINAL CLOSURE SIMULATION RESULTS
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2.2.4 RCS Jet Failure Considerations

Vhile it is believed that the orbiter can dock with the SOC under normal
conditions, as discussed above, the possibility of off-nominal sitwtions
nust also be considered. Perhaps the most severe of these is related to RCS
jet failures, particularly the failed on or "runaway jet"™ condition. The
potential for a single point fa lure which can cause a runaway jet has been
identified. The reaction jet drivers (RJD) which are shown in the flight
control system schematic in Figure 2.2 can fail in such a way as to cause an
RCS jet to fire. The RJDs provide "je* on" commands to the individual RCS
Jets in response to DAP and hand controller signals. Thus, an electrical
short in a RJD can result in a single point runaway jet failure. While a
failure alarm sounds almost immediately to alert the crew, the current
software 1s not able to automatically diagnose which jet i1s firing. It is
estimated that up to one minute of crew action may bte required to :dentify
the failed jet and take corrective action. Thus, the critical zone for a
runaway Jet is just before docking contact 1s made.

If a runaway jet occurs in this zone 1t may result in inadvertent
contact between the orbiter and the SOC outside of the dock ng capture
envelope. This "critical closure zone" 1s analogous to the critical flight
zone of a helicopter as 1llustrated in Figure 2.13. If the helicopter 1is

POTENTIAL CRITICAL REGION ANALOG U8 TO
*MISS DOCKING ENVELOPE A
RECOVERY DIFFICULT HELICOPTER CRITICAL FLIGHT ZONE
*ORMITER - SOC
CONTACT LIKELY

"SAFE" FLIGHT ZONE

\\”/

r"w : CRITICAL h - v ENVELOPE
C e AUTO ROTATE NOT POSS
.
| .
My
¢ ‘4
-~ SAFE "DROP* HEIGHT

((( 3 TT777 777777777777

FIGURE 2.13 Critical Zone Aralogy
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sufficiantly low when the failure occurs 1t can drop safely to the ground in
a survivable hard landing. Also, if i1ts alt:itude 1s sufficiently high when
the failure occurs a successful autorotation and flare maneuver to a safe
landing can be performed. However, there is a middle or critical zone in
which a free fall drop 18 high enough to be fatal and yet i1s too low for
successful autorotation. Similarly, in the SOC dccking operation there may
be a zone where there is insufficient stopping distance to perform a safe
turnaround abort maneuver prior to contact.

Although this problem can only be fully analyzed with high fidelity
man-in-the-loop simulations a simplified analysis of the trajectorr
deviations and abort actions was conducted to assess the general severity of
the problem. It was concluded that critical clorure zones are likely to
exist for some recovery techniques, but the overall problem is nct as
critical as was -ritially feared.

Runaway Jet Problem Model Description

The important problem elements covering the reference configuration and
system gecmetry faztors are summarized in the following paragraphs.

The nominal orbiter/SOC docking scenario 1s 1llustrated in Figure 2.14.
It 1s assumed that the docking maneuver utilizes a "tailchase” V-bar
approach (along the orbital velocity vector) in a tail down attitude and
that the primary crew aids are the overheed optical sight (COAS) and video
displays from orbiter mounted cameras. It 1s also assumed that the orb:ter
is placed i1n a local vertical hold (LVH) rotational control mode with the
orbiter attitude coaligned to the SOC attitude 1a a port-to-port matchup for
docking. This will reduce the pilot workload by freeing his attention from
rotational control while concentrating on the closing translation
maneuvers. There are two important assumptions within this docking scenario
which are pertinent to the runaway jet analyses. They are: (1) the inatial
relative motion is exactly along the orbiter Z-axis toward the SOC, and (2)
the two docking ports are perfectly aligned at the onset of the jet
failure.
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FIGURE 2.14 ORBITEER/SOC NOMINAL DOCKING SCENAKIO

The geometrical arrangement within the STS coordinate system and the

pertinent dimensional and mass property characteristics used in the problem :
The X and Z iisplacements of the

model are shown in rF.igures 2.15 and 2.16.
docking port from the orbiter c.g. will result in significaant linear moticns

due to coupling with angular rotations.

There are 44 primary and vernier RCS thrusters on the orbiter.
individ w1l thruster identification codes together with plume and induced

motion directions are pictured i1n previous Figure 2.4.

The

Thrust comporents in

boly axes along with the grid ccordinates of the point of thrust application
are listed in Table 2.1 of Section 2.2.2.
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FICURE 2.16 RUNAWAY JET MASS MODEL
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Another important element in the problem model 1s the d.gital autopilot
(DAP). It governs the pasttern of RCS thruster firings in response to the
var-ous control commands. The specific jet selec’ logic which 1s mechanized
into the DAP sorftware 1s summarized in Tables 2.10, 2.11, and 2.12. The
number of jets to f:re from eacn of the 14 directional groups is shown for
all possible commands including pure rotation, puve translation and combined
rotation and translation. The different jet response patterns associated
with single and dwl failures (failsd-off) are also indicated in the
tables. Table 2.10 shows all the normal Z thrusting modes and related
rotational commands. Included are the special rotational modes, "low nose”
and "low tail” in which only the nose or tsi1l jets are used to perform
rotational control. The “normal” pure rotational control mode is depicted
in the middle row of entries with the caption Normal. The bottom two rows
cover combined rotational coatrol and +Z translation and -Z translation
respectively. The row of numbers (4, 5, 6, etc.) across the caption bars at
the top of the table indicate the thruster groups (1 through 14) as defined
in Figure 2.4 and the entires belou in the body of the table indicate how
many Jets will fire in each group for the various command combinations.
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Table 2.11 shows the firing patterns for the high-Z translation mode and
Table 2.12 presents the X and Y axis translation cases with pertinent
combinstions of yaw rotational commanda. In general these tables are
independent. Each shows the response to un:que commands, which can then be
added to_determine the comb:ned thruster firing patterns for mixed motions
such as Z and Y plus desired rotations. The above problem geometries and
jet response logic were applied to simplified analyses of runaway Jet
effects.

TABLE 2.11 HL-Z JET SELECT LOGIC

HUMBER OF JEYS TO FIRE iN EACH GROUP
[ SINGLF FAILURE EXCEPTIONS
. 0. OF ONE OhE ONE
FAILURES | FAILURE FAILURE FAILURE | ALLDUAL
2 —GRP 4 =GRP 11 S LIAY] FAILURES |
CONDITION COMMANDS | 4 11 1x, 4 11 12 4 11 12 4 11 12{4 11 12
MIGH +Z wiTH HIGH +2 3 s 2]/2 2 2 2 2 2 - 11
o
+pITCH 2 3 3 - T2 2 - o 1 1
aﬁ:ﬁ:ﬂﬁz -PITCH 301 12 v o - - 1 0 o
oy ¢ AOLL 3 1 z2{2 1 3 - 2 ¢ 2§y o
-ROLL 3 3 1|2 3 1 2 2 o - 11 0
+PITCHAR T 1 3 - - o o 2/ o 1
wiToHFROLL 1 3 1 - o 2 o - ¢ 1 o
-pmTCHMROLL ) 3 0 2 )2 o 2 - - Toe 1
-MrcH-ROLL | 3 2 o0 f2 2 o - - T 1 e
—
HigH 2wt HIGH +Z/+X 3 2 22 1 2 - - 11
N XFO OR wsTCH 1 02 2 _ - - " 1
',',‘"}:ms& -MTCH 3 01 vl2 1o - - Tt 8 0
+ROLL 3 01 3l2 1 3 - 2 0o 2{(1 o 1
-ROLL 3 3 112 3 1 2 2 o - 1 1 0
MICHAROLL | 1 1 3 - - o o 2}0 o 4
MTCHAROLL | 1 3 1 - o 2 o - ¢ 1 o
MICH+HOLL | 3 0 2 (2 o 2 - - 1 6 1
-mrCMAROLL ) 3 2 o |2 2 o - - T 1 e
*MOST SINGLE FAILURES
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TABLE 2.12 X AND Y JET SELECT LOGIC

NOQ. JETS TO FIRE IN EA. GROWP
NO. OF DUAL FAILURE EXCEPTIONS
FAILURES® 2INGP2 ZINGP3
COMMANDS | 2 3 9 Wwi| 2 3 ? ]2 3 9 w0
—
LOW TAIL
+ YAW 9 ] 0 0 - -
- YAW ] ] 1 ] - -
LOW NOSE
* YAW 1 ] Q 1] ] ] ] 1 -
- YAW o tjo o - ¢ 0 1 o
NORMAL
> YAW 1 1] 1 1] ] ] 1 -
~Yaw 1] 1 1 ] - ] 1] 1 0
Y 1 ] 1 ] [} ] [ Q -
-Y ] 1 a 1 - v 10 1] [} ]
*Y/+YAW 1 [ ] 1] /] [} ] 0 1 -
+v/-Yaw jo o | 1 o - -
+Y/eYAW 10 O} O 1 - -
*Y/-YAW ] 1 ] ] - [} ] 1 ]
*SINGLE AND MOST DUAL FAILURES

NO. JETS TO FIRE IM EA. GAP
s DUAL FAILURE EXCEPTIONS
. 3IGRP 1 2/GRP T 2/GRP
comano |1 7 €] 7 8|1 7 8|3 7 s
x lo 1 1 - o o 1lo 1 o
-x |2 o o1 o o - -
*SINGLE AND MOST DUAL FAILURES

Runaway Jet Analysis

The simpl.fied analysis presented here mainly looks at the trajectory
deviations resulting from runaway jet actions and assesses the ability of
the orbiter to apply correciive thrust actions within he coatrol modes and
operating constraints judged tc apply to the docking scenario. PFirst, the
general factors that can affect the critical closure zone are:

° Relative approach speed

0 Approach path accuracy (deviations at the time of failure)

o Pilot reaction time 1n 1dentifying and responding to the
emergency

o The amount of corrective thrust authority

Key assumptions and/or implications on the role of these factors in the
subsequent analys:s are summarized in the accompanying discussion.

The approach speed is governed scmewhat by the allowed docking contact
conditions which can be up to O.15MPS (0.5 FPS) for the SOC. Slightly lower
speeds would likely be used in actwml docking opsrations to allow for errors
on the fast side. The use of much lower approach speeds would greatly in-
crease the time required for docking end would increase the effects of orbit
mechanics and gravity gradient perturbations. Thus, for conservatism (1%
nakes the abort proviem more diff.cult) a value of 0.15MPS was used here.
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Trajectory accuracy affects the amount of the safe docking envelope
vwhich can be allocated to runaway Jet effects. If substantial devaitions
exist at the time of jet failure even less manecuvering room may be available
for recovery than for the ideal case. However, there are no accurate
simulation results upon which deviation estimates can be tased. Thus, for
expediency 1t was assumed that no path deviations and/or attitude
wm>8alignments existed at the time of failure. This may not be as overly
optimistic ac imagined because the region of interest 1s very close to the
point of contact and the deviations should be small.

Crew teaction time will be affected by the conditions and nature of the
failure and by operating procedures yet to be develcped. They can only be
fully evaluated by real time man-in-the-loop simulations. However, some of
the fundamental effects of different reaction times can be estimated by
indexing certain results in the trajectory deviation data.

The corrective thruist authority i1s essentially dictated by the DAP jet
select logic and the RC3 thruster geometry. These, coupled wlth assumed
input commands represer.tative of various response options were used to
eval \ate the general capab:lity of che orbiter to counter runaway Jjet
effects.

Only the 38 primary RCS thrusters need be considered i1n the runaway jet
analysis because the verniers cannot be used during the docking translation
marauvers. They would be deactivated for this flight phase. As indicated
earlier these 36 thrusters are organized into 14 directional groups, hut
beca we of left-right symmetry there are only eight unique
tran.lation/rotation motiun conditions which ca: be caused by a runaway
Jet. These eight motion cond-:tions and the corresponding corrective
thruster response selections from the jet select logic, Tables 2.10 through
2.12, are summarized in Table 2.13. The corrective thrust responae
selectrons represent only the combination of thruster firings which will
courte the effects of the runaway jet. These would be indicat ve of a
strategy which calls for continuation of the docking maneuver while trying
to counter the effects of the runaway jet.
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TABLE 2.1% UNIQUE MOTIONS FROM RUNAWAY JETS

X-AXIS JETS
6P-1
6P-7 ¢ GP-8

Y-AXIS JE1S

62}
GP-3§ LEFT 4 RiGHT

6P-2 v werarenr,
6P-10) LEFT & RIGHT

Z-AXIS JETS
6P-4
6P-11 & -12
6P-13 ¢ -4
GP-5 ¢ -6

RESULTING MOTICN

JETS 10 COUNTER
RESULTING MOTION®

+P{7CH ~Xa
-PITCH Xy
+YAW +Xp
-YAN -Yp
-YAW +Yg
+YAN s
-PITCH 2
+PITCH oIn
~PITCH -l
+PITCH -l

(1) GP-7 AND (1) GP-8
(2) GP-}

(1) GP-3°°
(1) 6p-2°*

(1) 6P-10°°
(1) GP-9°**

(1) GP-5 AND (1) GP-6
(1) GP-13 AND (1) GP-14
(1) GP-11 AND (1) GP-12
1) GP-4**

*FROM ON-ORSIT DAP JET SELECT LOGIC L0NOK-UP TABLES
**MOTION FROH RUNAWAY JET CANNOT BE COMPLEICLY ARRESTED

Other st_ategies or procedures could be employed which call for adort
actions to reverse the closing velocity and then back the orbiter off to a

Abort procedures both with and without attempts to
simultaneously correct for the deviations
be attempted.

nduced by the runaway jet could
A number of these recponse options were investigated

includ ng variations in what parameter, what event or what times were used
to "trigger" the corrective action.

an abor. maneuver the stopping times and distances were determined as a
function of closing velocity.
both the normal-Z and high-Z translation thrusting modes.

First, to assess the basic stopping power of the orbiter in performing

These are shown in Figu-e 2..7 and include

reflect the different numbers of I thrusters which can result from the
combined effects of rotational con.rol, translation thrusting and the
continuing action of the runaway ,et.
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FIGURE 2.17 DOCKING ABORT TURNARCUND

An example casze covering a ranaway jet in group 14, an aft I-thruster on
the right hand side producing thrust in the minus Zp direction, is shown
in Figure 2.18. The main motions induced by th s failure are the minus .'p
acceleration combined with pitch down and roll left angular disturbdbances
The corresponding jet firings to counier these uffects from the DAP logic
lookup tables are shown for both the normal-Z and high-T modea. As
indicated in the figure, the normal-l case calls for a single thruater
firing from Group 12. This action combined with the opposing thrust from
the runaway thruster results ir s net stopping force of zero. For the
high-2 case the corrective thrust reaponse calls for ons thruster each from
Groups 4 and 11 and three thrusters from Group 1 for a total of five
thrusters. The net stopping force, accounting for the runaway jet 1s thus

equivalent to four I thrusters.
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NET, “O" Z THRUST RESPONSE NET, 4 Z THRUSTERS

FIGURE 2.18 EXAMPLE RUNAWAY JET SCENARIO

This type of stopping power assessmeut was conducted for all eight
unique motion conditions and gives the range of jet numbers for the stopping
time and distance curves back in Figure 2.17. For most sitwations the '
normal-Z thrusting response calls for the equivalent of from one to three :
thrusters net stopping force while that for the high-Z mode rangss from four
to nine thrusters.

X~-Thruster Deviations

The stopping times for these ranges of abort response characteristics,
based on a 0.15 MPS closing rate, were supermposed on trajectory deviation
plots to determine the amount of deviation which could occur before the
abort stopping action could be completed. The results for runaway X
thrusters are shown in Figure 2.19. The dominant deviation parameters are
AX, AZ and AO (pitch angle). These deviation data were calculated
at the docking port and include the effects of both translation and orbiter
rotation. As indicated by these curves, a single runaway X-jet with no
corrective thrust applied drives the closing path outside of the safe
docking envelope (+.23M (9 1n) radial offset) within approximately three
seconds. The stopping time for the normal-Z thrusting mode is approximately
four seconds for Groups 7 or 8 failures and .early six seconds for a Group 1
failure. The AX displacement for these cases ranges from .38 (15 in) to
.72M (30 1n) well outside of the allowable * .23M (9 1n) envelope.
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FIGURE 2.19 DEVIATIONS FROM X RUNAWAY JETS

However, for the high-Z abort turnaround mode the stopping time is
approximately 1.5 seconds which reduces the AX deviations tc approximately
«054 (2 1n) or .08M (3 in). Thus, if the runaway jet should occur at, say,
two ssconds before normal docking contact even without corrective action the
docking contact would occur within + .23M envelope. If the runaway jet
should occur earlier than the two second point, the high-Z mode provides
sufficient stopping power to reverse the clcsing motion tefore contact 1is
made. Thus, the high-Z mode virtually eliminates the possibility of contact
cutside of the docking envelope due to runaway X-thrusters i1f the strategy
to always abort 1n the event of a runaway jet 1s adopted.

Other procedures were also briefly explored. Figures 2.20 through 2.25
1llustrate various triggering criteria and corrective mareuver assumptions
for a runawvay jet in group 1. They are tased on the follow'ng: reaching an
angle deadband limit, specific times from the instant of failure and
different deviation distance limits. These =re all indicative of crew
“"eyeball"” responses to preceived motions. The dominant motions from a
Group 1 jet firing are negative X acceleration with a positive p:tch (nose
up) rotation.
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FIGURE 2.20 MOTION FROM GROUP 1 JET FAILURE, CORRECTION ;
INITIATED AT 40 = 0.5 DEG. !

Several corrective triggering assumptions were investiguted together
with "pure" deviation correction maneuvers (no abo t action). First, a .
correction maneuver was assumed to be initiated when the attitude deadband
of 0.5 degrees 13 reached. If the flight control system 1is in a hold .
attitude mode it will automatically initiate compensating rotational thrust
at this point. It was arbitrarily assumed for this trajectory run that
control thrusting for plus X deviations would also be introduced at this
point. With these assumptions a criticsl closure zone .contact outside of
the + .2 envelope) will exist 1f the dccking rmaneuver has not been
completed within 3.5 seconds after thruster failure. The motion
characteristics including the combined effects of the runaway jet and te
corrective thruster firing are 1llustrated in F:gure 2.20. The critical
closu e zone as a function of initial closing velocity is shown in
Figure 2.21.

Cases where corrective maneuvers are initiated by lateral d.splacement
(deviation) limits are presented in Figures 2.22 and 2.23. When the
recovery thrust 1s applied at AX = 12.7 cm (5 inches), whic: is at
approximately 2-2.5 seconds, the critical closure zone can be completely
eliminated. The use of abort maneuvers triggered by the five irch deviation
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FIGURE 2.21 CRITICAL CLOSURE ZONE FOR GROUP 1 JET FAILURE
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criteria were also investigated. In Figure

combined with deviation corrections.

illustrated in Figu e 2.25.

the same turnaround capability.

The "a
both of

For the abe

ATED AT &X = 9 IN.

2.24 the abort maneuver is
bort ouly” procedure is

these procedures provide essentially

rt only mode (Figure 2.25) the

results are summarized below for bcth the nsrmal - and high-Z modes.

Thrust Mode Begin Re
Normal 2 2 sec
Hi 2 2 sec

covery Time

Turnaround Conditions

time Ax
3.8 sec  27.9 em (11 1nches)
2.8 sec 16.5 cm (6.5 inches)

g aa ko
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FIGURE 2.25 GROUP 1 RUNAWAY JET WITH ABORT ONLY CORRECTIONS
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The trajectory histories for dccking aborts with a runaway jet in either
Groups 7 or 8 are presented in Pigures 2.26 and 2.27. The main results sre
again summarized as follows:

Thrust Mode Begin Recovery Time Turnaround Conditions
time Ax
Normal 2 2 sec 10 sec >75 cm (>3) inches)
Hi 2 2 sec 2.5 sec 14 cm \5.5 inches

11ST RECOVERY IMPULSE

0.04 i
t MAX Z RESPONSE :
' P
0.02 % 1.0 DEG .
g . NORMAL Z RESPONSE
=4 SINGLE JET RUNAWAY FROM
a4 9 GP7 OR G P8 (RESULTING
MOTION +X -PITCH)
:
.02~ RESPONSES K
A) NORMAL Z
. @ o,
(1) Gpiz ) <+Z+MTCH
g . 5 Mz
2) Gl
g NO DOCK PULL AWAY NORMAL Z @ en
3 RESPONSE (3) GPI1 | +z +pITCH
< (3) Gpi2
101~ MAX Z RESPONSE
-0
0 z 4 a 10

TIME (SEC)

FIGURE 2.26 GROUP 7 OR 8 RUNAWAY JET WITH ABORT
PLUS DEVIATION CORRECTIONS
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0.01
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©.01 1 | 1 1
) 2 4 10
© RESPONSES
NORMAL Z RESPONSE A) NORMALZ
L 1) eGP
_ » @] GP2
@ 8) HIZ
(¥}
-l & o
A8 4
x MAX Z RESPONSE - @ om
0}
—NO wcxlmc/leuwu
0 1
0 2 4 8 8 10

TIME (SEC)

FIGURE 2.27 GROUP 7 OR 8 RUNAWAY JCT WITH ABORT ONLY CORRECTIONS

Y-thruster Deviations

The dominant trajectory deviations due to runaway Y-thrusters (Groups 2
and 3 forward and Groups 9 and 10 aft) are shown in Pigure 2.28. From the
DAP jet select logic (Table 2.12) 1t can be seen that all combinations of Y
translation thrusting with * yaw commands result in aingle thruster firings
which 1n the presence of a runaway jet produce a net stopping force of
zero. There 1s no high-thrust mode for Y translation. At best, only the Y
acceleration can be nulled and *he Y velocity accumulated up to the point of
response cannot be arrested. This effect 1s clearly shown in Figures 2.29
and 2.30 where even with corrective thrusting the AY deviation continues
to increase linearly.
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FIGURE 2.28

DEVIATIONS FROM Y RUNAWAY JETS

The only viable procedure for runaway Y thrusters is to activate the 2

jets and abort the docking maneuver.

The "stopping times” for arresting a

docking approach velocity of 0.15 MPS are about 0.5 and 1.0 seconds for

high-Z and normal -2 modes respectively.

AX (INCHES)

AY (INCHES)
o B &5 8 8

éoB

&

g

3

As was the case with X runaway Jjets

SINGLE JT RUNAWAY FROM
—] GP20ORGP3
- RESPONSE (1) ngu 134
R
1 i (1) FROM GP8
° 5 0 5 NO Z MOTION
TIME (SEC)
0.08
[~ 0.04
g " 1.0 DEG
§ 0.02 0.5
= <
- ——av=9 N, > 0
T -0.02 ] Il
1 i 1 0 5 10 15
] [ 10 15 TIME (SEC)
_TIME (SEC)

FIGURE 2.29

GROUP 2 OR GROUP 3 RUNAWAY JET
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TR (SEC)

FIGURE 2.30 GROUP 9 OR GROUP 10 RUNAWAY JET

the "high-Z"

contact outside of the *+ .23M envelope.
deviaticn (approximately 9 cm) can occur within the high-Z stopping time.
On the other hand, the normal-Z mode (three jets) 1s marginal for Groups 2

or 3 failures, particularly if allowances are made for initial path
deviations and pilot respmse time in reacting to the failure.

times.

Z~Thruster Deviations

The dominant trajectory deviations due to runaway Z-thrusters (Groups 4,

Deviations
of 8 or 9 inches (21 cm) are possible within the normal-Z mcde stopping

S and 6 forwerd and Groups 11, 12, 13 and 14 aft) are illustrated n

Figure 2.31.

considerable amount of AX deviation at the docking port.
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(-]
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FIGURE 2.31 DEVIATIONS FROM Z RUNAWAY JETS

Recovery trajectory histories for the four unique Z-thruster deviation
conditions are presented in Figures 2.32 through 2.35. Tne recoveries are
initiated essentially at two seconds from -he failure onset. Both normal
and h gh-Z responses are shown. With the exception of normal-Z aberts from
Groups 13 and 14 failures, sufficient thrust authori’y exists to either
complete the docking maneuver of abort safely. Groups 12 and 14 failures
result 1n "zero ne: stopping force with the normal-Z mode.

Since there 1s no i1mmediate indication of which thruster has failed, the

safest procedure for any runaway jet during docking 1s probebly to abort to
a safe standoff distance using the high-Z mode, i1dentify and shutoff the
failed jet, and then rwdo the docking operat:on.

Thus, 1in all cases, X, Y or Z runaway Jet failures, the "high-2"
translation thrust mode appears to offer sufficient stopping power to
successfully abort the docking maneuver without inadvertant contact outside

the safe docking envelope.
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Pailed "Off" Jet

A failed off jet 1s judged not to be a serious problem. There is
sufficient redundancy in the primary RCS system that no basic thrust
authority is lost with any single failed off ,et. This can be easily seen
in the thruster identification code of Figure 2.4, wnich shows there are two
to four thrusters in each of the 14 directional groups. This redundancy is
further exhibited in the jet select logic tables (Tables 2.10, 2.11 and
2.12) where all of vhe RCS firing schedules for the various command
combinations are unaffected by a single failure. Hence, all maneuvers can
be achieved without degradation. The only effect will e tn introduce a
0.24 second time delay (three DAP sampling intervals, 80 milliseconds each)
in the first thrusting action after the failure. The DAP then switcnes to
the praiority two jet in the affected jet group and all thrusting actions
thereafter call for the use of this jet and no further 0.24 second time

delays occur.

sRECOVERY IMPULSE

0.08 (=
' = § MAX Z RESPONSE
0.061~ 1« NORMAL Z RESPONSE
.
g 0,04 (— :
- L]
0.021= 1 SINGLE _ET RUNAWAY
S ok FROM GP 13 OR 14
(RESULTING , “OTION
002 -Z AND -PITCH)
0.06 i i ; KESPONSES
) 5 10 15 2 A) WITH NORMAL Z "ABORT*
“ ™ NG G3CKING (MAX RESPONSE] | M G
ofF ! ) G2
g 0 - 8) V/ITH HY Z "AgORT"
L)
20 (2) GP4
Z O yax z RESPONSE @) G
X 40 (3) GP12
q
50 =
%0~ NORMAL RESRONSE
-100 L 1 1 -
0 5 10 15 2
TIME (SEC)

FIGURE 2.32 RUNAWAY JET FROM GROU? 13 OR 14, A3CRT ONLY’CORRECTIONS
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FIGURE 2.34 RUNAWAY JET FROM GROUP 4, ABORT ONLY CORRECTIONS
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FIGURE 2.35 RUNAWAY JET FROM GROUP 5 OR 6, ABORT ONLY CORRECTIONS

2.2.5 Plume Impingement

The final factor to be corsidered in the ove-all analys s of poximity
operatims is the plume impingement environment created by the orbite-
during the final docking maneuvers. It was previously determined that a
worst case sitnation would occur when "High-2" thrusting is used to abort
the docking approach. The specific problem mode! for this condition is
defined aind the resulting analysis approach and results are presented in the
following paragraphs.

Problem Statement

Determine the resulting forces and moments onto the SOC as a result of
plume impingement from the orbitur RCS engines. Assume that all nine
+Z-firing primary engines and one Y-firing primary engine in the forward pod
are firing, see Figu-e 2.3 for p.ctorial representation of the orbiter RCS.
The orbiter is sssumed to be almost mated to the SOC and te solar array
panel facing the Y-thruster that 1s operating is at an angle of 52° to 1its
boom. In addition, the solar array panel frontal area is at its maximum
with respect to the line-of-sight of the operating Y-facing thruster.
Assume the SOC center-of-gravity is located on the centerline of the
SOC/orbiter matirg boom approximately 11.7 M (4€0 inches) from the
SOC/orbiter interface.
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Plume Flow Model Assumptiona

For this analysis, only line-of-aight surfaces were considered as deaing
affocted by the exhaust plume. Thus, reflected flow phenomena (secondary
offects) were ignored. All SCC surfaces were assumed to be in the
free-molecular (far field) flow regime with respact to the RCS th uaters.
Thia assumption can be proven valid for all surfaces except the front of the
service module that mates witn the ordbiter. Consequently, the
free-molecular flow model used for the orbiter RCS primary thruaster was an
axisymmetric, source flow approach with nozsle boundary layer effecta
included. The axiaymmetric assumption sliminated any consideration of
nosrle scarfing effects in the flow model. To include nocsle acarfing
effects, would require three-dimensional squations rathe than the
tvo-dimen aional equations used. In addition, the flux atten:ates in the
free-molecular flow regime as the square of the distance from the origin,
{.0., the notcsle exit plane/ nossle centerline intersection.

Alao, beca we of the far-field assumption, the effects of several p'umes
onto the sama surface can be superimposed. Further, the three 870-1bd¢
engines from any one angine pod can be replaced by a pasudo-single 2610-1bf
engine whose mass flux, momentum {lux, and energy flux were three times
larger than one 8 0-1bf engine and whose location is where the m:ddle
870-1bf thruster is located.

Working Flux Equations

Maas:
Xmax
s (@nstnxen) (Bq 1)
da
where
2 3
ln (EE) = Ay * Agxa L FRGIR AsI~ - Asxs (Eq. )
dal
Force:
Keax dm
F = —) {2 e ) .3
. ‘ v (dn) [on sin X coa X aX) (Eq. 3)

Masa distridution flux:

dm 2
a8 Q

Momentum distridbution flux:

V¢ _im 212
— [—] = w'R \Eq. §)
8¢

4.2
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Energy distribution flux:

VI!.z da 32
EJZ(E] -~ pV R (Eq. 6)
where:

Ao Zero order torm in mass flux equation - ln 2.9422
A2 Second order term in mass flux equation = =1.7164
A Third order term in mass flux equation = =5.1523
Ay Fourth order term in mass flux equation = 5.2734
As Fifth order term in mass flux equation = -=1.3091
PT Total Force = 870 1bf
8, Gravitational ccnstant = 32.17 lba- £t/1bf-sec>
J Enargy Conversion constant = 778 £t-1bf/BTU
B Total Mass - 3.C § lbm/sec
R‘ Distance from source flow origin to impingment pt, ft
v, Limiting Velocity = 11,448.5 ft/sec
X Flow angle 1n -adians (xhax = 21/3)

The curves in Figures 2.36 through 2.38 were generated using
Equations 4, 5 and 6 to- an 8 O-1hf thruster. However, to ontain the final
mass flux equation, engine operating and plume data from References 1
through 4 were used in conjunction with the far-field plume mapping
techniques described in References 1 and 6. Subassquent to curve-f:tting the
mass distribution flux (Eqs. 1 and 2, to match the flow rate of 3.0104
1tm/sec, 1t was determined that a lim:ting velocity (VL) of 11,448.5
ft/sec produced a resultant force of 8 0-1b{ using Eq. 3. This value
compared favorably with the average limiting velocity of 11,564.4 ft/sec
obtained from Reference 1. Howsver, the calculated ideal limiting velocity
based on parameters presented in Table 1 of Refererces 2 anl 4 gave a value
of 10,805 ft/sec. For this analysis, it was decided to use the derived
velocity of 11,448.5 ft/sec. By so doing, tre results would be consistant
with the given thrust.

The energy flux was calculated based on the assumption that the
relationsh:p presented in Eq. 6 was valid. In this presentation, che energy
flux is used as the basis to obtain the convective heat transfer rate. This
technique should give an upper bound; however, to obtain a more
representative convective heating rate (or force per unit area), Reference 6
should be used.
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FIGURE 2.36 MASS FLUX FOR AN 870-LB BIPROPELLANT THRUSTER

AS A FUNCTION OF FLOW ANGLE
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FIGURE 2.37 MOMENTUM FLUX FOR AN 870-LB BIPROPELLANT THRUSTER
AS A FUNCTION OF FLOW ANGLE
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FIGURE 2.38 ENERGY FLUX FOR AN 870-LB BIOPROPELLANT THRUSTER
AS A FUNCTION OF FLOW ANGLE
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Sample Problem

Assume that the three +Z-thrusters in the forward pod are firing ocnto
the Habitability Module No. 1 from a distance of 8.9 M (350 inches), nozzle

exit plane to nearest surface. Pind te mass flux, pressure, and corrective

heating rate along the nozzle centerline of the center engine onto the
habitat module surface (assume a flat plate normal to the streamline).

1. © = 0

2. R = 35)/12 = 29.167 ft
3. dm/aQ = 3 1bm/sec-ster (Frgure 2.36)
4. m = 3/R? = 3/(29.167)% = 3 53x10~? 1bm/sec-ft? (one engine)

5. By assumption, 3 X & = & (three engines) = 0.0106 lbm/sec-ft?

2 2
6. er R = 1000 1bf/ster (Figure 2.37)

7. P = 1000/(29.167)% = 1.175 psf = 8.163 X 10~° psi (one engine)

8. By assumption 3 X P = P(three engines) = 0.0245 psi
9. E = 7630 BTU/sec-ster (Figure 2.38)

10. Q = 7600/(29.167)% = 8.93 BTU/ft%-sec (one engine)

11. By assumption, 3 X Q = Q (three engines) = 26.8 BTU/ft2-sec

For this sample problem, the answer would be that the mass flux onto the

module surface f om the three thrusters i1s 0.0106 lbm/sec-ft2. the
pressure is 0.0245 psi and -the convective heating rate 13 26.8
BTU/ft%-sec. Whether these effects are harmful or not cannot be
determined with the information given.

Discussicn Concerning Flux Equations

The characteristics of the mass distribu*ion in the free molecular flow
regime 13 cons.dered as good as, 1f not superior to, any available data set
for the & 0-1bf bipropellant thruster. Consequently, the dete mination of
the mass flux 1s casidered to be accurate. Because the mass distribution
flux is well represented, the resultant momentum flux 1s considered to be a
fair representation. Discussions may arise concerning the direct
application of the energy flux distribution to determine convective heating
rates. It is generally accepted that this approach gives an upper 1 mt;
however, the discussion arises concerning the derived value. It may be too
conservative since 1t does not consider surface-to-gas temperature
differences, energy accommodation coefficiant, and the gas and Reynolds
numbers. For this analysis, the approach will be conservative.
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Plume Pressure and Energy Equations

The followirg simplified hyperson-c normal and tangential pressure
equations and convective heat tranafer equations were used in this analysis
(see Reference 6 for equation development):

Py=(2-a) oV’ sin’ B (Eq. 7)
Pp = ap OV sin B cos B (Eq. 8)
1 3

Q = Y a, pV sin B (Eq. 9)
where

PN Pressure normal to the impinged surface, force/unit area

PT Pressure tangential to the impinged surface, force/unit area

Q Convective heat transfer rate, heat rate/unit area

a Energy accommodation coefficient

a Yormal momentum accommodation coefficient

% Tangential momentum accommodation coefficient

B Angle between surface and incident velocity vector

o Gas density, ltm/ft’

v Limiting velocity, ft/sec
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Substituting the momentum and energy flux equations and assuming the

accommodation coefficients egqua! to umity, the folloving working equations
wvore derived:

.

v
£ dh 2
PN = Rige * ;@ sin B (Eq. 10)
P vl aa B B (Eq. 11) |
- 3 * —= | sin B cos q. !
i
- - i
. Yy ah ‘ (B0, 2
Q EE;};: T l sin B Eq. 12)

Note that when the angle of i1ncidence (B) 1s ncrmal to the surface, the
equations are identicel to the flux method used in the sample problem.

Computer Program '

Rocl:well personnel have used the pressure and convective reating rate
equations (Eqs. 10, 11 and 12) in several of its desk top computer programs
for other thruster and spacecraft configurations. Simply stated, the
surface in question 1s subdivided into small increments. Subsequently, the
flux and indident angle to the controls of each element are determined and
the resultant pressures and hezting rates per unit area are determined using
Equations 10, 11, and 12. The pressures and heating rates per unit area are
then multiplied by the elemental area, thus determining forces and heating
rates on the elemental area. The resultant torques from each element are
calculated to the known system center-of-gravity. To determine the overall
forces, heating rates, and veh-cle torques resulting from the plume
impinging onto the surface, all the incremental forces, heating rates, and
torques are summed.

PRSI YUY WORRIF AR PR

b s b A d

Effects On SOC Havdware Elements

Shown in Figu-es 2.39, 2.4 Q and 2.41 1s the SOC/orbiter configuration :
used 1in the plume impingemeut ané&ysis. The SOC modiles and elements !
potentially affected by t'e operation of the plus Z-firing RCS thrusters and i
one minus Y-firing thruster a-e summarized in Table 2.14. 1
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FIGURE 2.39 END VIEW OF THE SOC CONFIGURATION USED FOR PLUME
IMPINGEMENT ANALYSIS (LOOKING FROM THE ORBITER)
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FIGURE 2.40 SIDE VIEW OF THE SOC/ORBITER CONFIGURA ZION
USED FOR PLUME IXPINGEMENT ANALYSIS
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FIGURE 2.41 TOP VIEW OF THE SOC/ORBITER CONFIGURATION

TABLE 2.14 SOC ELEMENTS AFFECTED BY PLUME IMPINGEMENT

oriGNAL PRSI 1S
OF POOR QUALITY
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FOR PLUME IMPINGEMENT ANALYSIS
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HABITABILITY MODULE NO. 1 (NEAREST DOCKED GRBITER)
SERVICE MODULE NO. | (TO WHICH THE ORBITER IS DOCKED)
LOGISTICS MODULE

SOLAR ARRAY/SOC RCS SUPPORT BOOMS

4,3-M ANTENNAS AND ASSOCIATED BOOMS
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R/CM UPPER STRUCTURE
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VEHICLES PARKED FOR SERVICING (e.g., PLANETARY STAGES)
STAGE ASSEMBLY MODULE (SAM)

R/CM LOWER STRUCTURE AND CAB

LOWER RCS BOOMS

LOWER RADIATOR PANELS

LOGISTICS MODULE

FORWARD -Y THRUSTER (GROUP 3, ONE ENGINE)

SOLAR ARRAY AT 52-DEGREE ANGLE FROM BOOM (MAXIMUM SURFACE)
-Y 4 3-M ANTENNA AND BOOM

=Y RADIATORS

-Y RCS/SOLAR ARRAY BCOMS

LOGISTICS MODULE/HABITABILITY MODULE NO 1
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To permit evaluation of the local heating and plume pressure
environments on these various SOC elements basic plume models were
established; first for the individual thrusters and then for the composite
ervironments associated with the nine Z-jet abort thiusting and two
Y-thrusters associated with deviation correction maneuvers. The plume
pressure and heating characteristics for an individ wl thruster are shown in
Figures 2.42 through 2.45 for the forward and aft thruster locations and .
Figu-es 2.46 through 2.49 for the two multi-thruster environments.

Various lccal plume conditions anywhere on the SOC configuration can be
estimated using these basic plume data. The effects of different
combinations of jet firings and orbrter orientation geometiries can also be
determined by adding the individ wal thruster plume characteristics from
Figures 2.42 through 2.45, accounting for the approp iate plume direction
and distance factors for the cases to be evaluated. Conditions for future
SOC configurations and/or new facility features can also be approx:imated in
this way.

To assess the potential meinitude of plume impacts on SOC operations the
main disturbance effects and Leating environments were detarmined for the
bvaseline SOC configuration (Figures 2.39, 2.4C and 2.41). Emphasis was on
the moment producing force elements, thus certain symmetrical impingement
effects were 1gnored. The resulting main impingement influences from the
forward thrusters are on Habitability Module No. 1, the Logistica Module and
the Service Module end facing the orbiter; for the aft thruste. s the main
affects are cn the planetary stages (or any vehicle parked on the SAM for
servicaing), the stage assembly module and te RCM module; and for the
Y-thrusters the principal effect 1s mostly on the solar array with small
influences on the 4.3 meter antenna and radiator panels.

The effects of the Z-thruster (forward and aft) on the solar array and
bcom mounted equipmen: are small compared ‘o their effects on the main items
listed above. The same 1s true for t'e Y-thruster effects on the central
cluster of modules which are small compared to the Z-thruster effec*- on
these modules. The overall results are summarized in Table 2.:5. fTl.ese
data reflect the basic pressure and heating contours in Figures 2.42 through
2.45, but also sccount for the local angle of incidence of the flow
streamlines. To simplify the calculations for the small surface areas
(antenna, radiators, etc.) the flow conditions at the point on the SOC
configuration element represented by the centroid of the exposed area were
assumed to apply over the entire surface of that element. The larger
configuration elements were divided into several area segments with the flow
conditions averaged over each segment.
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FIGURE 2.42 ISO-PRESSURE MAP FOR ONE FORWARD +Z FIRING RCS THRUSTER
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TABLE 2.15 ORBITER RCS PLUME IMPINGEMENT RESULTS OR SOC
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The results show there could be consideratle mass depoaition and
impingement heating on the Habitability Module from the forward RCS
thrusters. In addition, relatively high system torques can be induced by
impingement forces, particularly pitch up moments. The “"pitch up” direction
of these induced moments is caused by the orbiter RCS location geometry in
the near docking orientation. The flow field center of the nine-thruater
plume is somevhat below the docking port and hence, mors heavily ‘nfluencea
the SOC configuration elements mountsd beneath the service modules. This in
turn causes the general pitch up teandency. Even greater pitch up to.,ques
could be induced if large OTV stages and crew modules were parked on the SAM
or other flight suppert facility installatiocs beneath the Service Modules.

In add‘tion to the disturbance torgque effecta on the SOC control system,
0TVa parked in this region would be subdbjected to significant plume
bombardment on their lightweight thermal insulation blankets. Vacuum tests
with O.1 1bf hydrazine thrusters impinging on 2 mil thick aluminized MLI
have shown the shearing forces to cauvse more damage than heating offects.
Thus, shielding protection from the plums may be requirsd. This may also be
a problem with the SOC RCS thrusters as well although they are smaller and
less directly aimed. Orbditer abort thruating with the nine 2-thruaters will
be relativaly brief, probably alout two seconds maximum, but potential MLI
damage may result and needs further, more detailad study.
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The Y-thrusters can cause significant jaw torques from impingement on
the solar array. In addition, msas deposition rates of 0.7 lkm/aec (24
percent of the available maas) sre poasible on the solar array. These are
for the worst case geometry (sup B-angles of 52 deg) which would not exist
all of the time. Planning SOC resupply missions to avoid these worst case
conditions is possible. A faw days’ delay or advancement of & resupply
mission could significantly reduce the peak sun angle effects. Plume
impingement effects on the solar arrays could also be further reduced by
"feathering" procedures to align the surfaces with the RCS plume field.
This would interrupt normal power generation {(if performed on the daylight
side of the orbit) and lead fo more complex SOC operations, but could
greatly reduce S0C design problems if warranted.

2.3 DOCKING/BERTHING DESIGN CONCEPT

The design concept effort consisted of two principal tasks; (1) define a
standard docking/berthing interface configuration, and (2) develiop an
‘orbiter docking module concept.
2.3.1 Docking/Berthing Interfzce Concrpt

Standard Docking/Berthing Interfuce Utilitins Arrangement

The definition of atandard refers not only to the interface ports for
the S0C modules and the orbiter docking module, but also to attach ports of
other spacecraft that would want to berth/dock to the orbiter or to the
S50C. Table 2.16 lists some of the significant requirements that were
identified for the docking/berthing system. In addition to these physical
requirements, the utilities to be connected across the mated interface
needed % be defined. Final number and arrangement of the atilitias is
dependant on the integration of the S0C individ w1l module req.irements and
the utilities requirements of other candidate spacecraft. Howevar, in order
to define a standard interface at this time, when these SCC requirements are
unknown, the utilities defined from previous space station studies were
utilized as & model and modified to te more compatible with the SO:
concept. Figure 2.9 lists the interface utilitias anticipated tr bhe
connected across the port and alac illuastrates the arrangement within the
berthing port.
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TABLE 2.16 DOCKING/BERTHING INTERFACE REQUIREMENTS

* THE DOCKING/BERTHING SYSTEMS SHALL BE ANDROGYNOUS, EXCEPT FOR CERTAIN SPECIALIZED
UMBILICAL INTERCONNECTS (l.w., WODULKS WITE IDENTICAL DOCKING SYSTEMS MAY BE DOCKED
TOGETHER, AND MODULES WITH IDENTICAL BERTHING SYSTEMS MAY BE BERTHED TOGETHER.

® ALL BERTRING PORTS ON TEE S0C BASIC CONTIGURATION SHALL BE GEOMETRICALLY IDENTICAL,
EXCEPT FOR SPECIALIZED UMBILICAL INTEZCONNECTS, SUCH THAT ANY MODULE OF THE 30C MAY
BE BERTHED TO ANY BERTEING PORT—OTHER CONFIGURATION FACTORS PERMITTING.

¢ THE SOC BERTHING PORTS AND THE ORBITER'S DOCKING SYSTEM. LOCATED OH ITS DOCKING WODULE,
SHALL BE DESIGNED SUCH THAT THE ORBITER MAY DOCK TO ANY SOC BERTHING FORT.

® THE BERTHING AND DOCKING SYSTEMS SHALL BE DESIGNED TO ALLOW DOCKING AT 90-DEGRER
ALIGNMENT INCREMENTS.

® ALL BERTHING/DOCEING SYSTEM HARDWARE SHALL BE LOCATED INSIDE THE PRESSURE-SEALED
INTERFACE, AND BE ACCESSIBLE TO THE CREW FROM WITHIN THE PRESSURIZED ENVIRONMENT.

® ALL UMBILICAL INTERCONNECTS SHALL BE LOCATED INSIDE THE PRESSURIZED ENVIRONMENTS,
® ALL ACTIVE FUNCTIONS OF THE BERTHING/DOCKING SYSTEM (1.e,, IMPACT ATTENUATION,
CAPTURE LATCHING, STRUCTURAL LATCHING, ETC.) SHALL NORMALLY BE PERFORMED BY ONE
SIDE, WITH THE OTHER SIDE IN A PASSIVE MODE.
® A ONE-METER-DIAMETER CLEAR PASSAGEWAY SHALL BE PROVIDED WITHOUT REMOVAL OF MECHANISES,
® DOCKING DESIGN IMPACT CONDITIONS

= AXIAL CLOSING VELOCITY 0.48-0.15 m/nec (0.16-0.50 ft/sec)

= LATERAL VELOCITY €0.06 m/sec (0.2 fr/sec)

= ANGULAR VELOCITY <0.8 dag/sec

= LATERAL YISALIGNMENT 0.23 m {0.75 ft)

- ANGULAR MISALIGNMENT %5.0 deg, ROLL; %6.0 deg, PITCH/YAW

The utility connections are made only after the structural mating has
been made and verified. The utility connections are remstely actuated for
both electrical and hard lines, fluid and gas transfer. Figure 2.51
illustrates the remote actuator concept(s) that is compatible with the
a-rangement shown in Figure 2.50. The top surface of the connectors are
located approximately 1 cm below the mating interface. This a rangement
will prevent demege to the connectors in the event of an off nominal
docking/terthing maneuver. Manual override capabiliti:s are provided %o
accommodate anomalies. Shirtsleeve or suited maintenance activities can be
accommodated (Pigure 2.52).

Not all the utilities illustrated in Pigure 2.9 would be required to
interconnect across each interface. However, the location of those
utilities that are required would he at those dedicated positions. This
arrangement will permit all spacecraft docking/berthing to the orbiter to
be compatible in a standard pattern. Figure 2.53 shows an example of a SOC
module to meodule berthing arrangement, and an orbiter docking module to S0OC
or other spacecraft docking/berthing arrangement.

Standard Docking/Berthing Interface Configuration

Both the passive and the active port configurations are illustrated in
Figure 2.54 Drawing 42690~020 in Appendix A defines these ports in more
detail.
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The size of this interface is governed by the 1.0 M clear opening and
the space required for the utilities, latches and pressure geasl. All of the
utilities interface are w’'thin the pressurized area with the pressure seal,
therefore, lccated at the extreme outboard edge of the interface surface.
Eight atructural latches located among the utilitias provide the finel
pPhysical connection between the mating surfaces. Four of the active latches
are provided on one side and four redundant latch strikers are located on
the other side. Four externally oriented guides provide the slignment for
the mating operation. &Each guida contains a capture latch which secures the
vehicles until the final structural latch is made.

INTERFACE

FREON SUPPLY (PRI & SEC)
FREON RETURN (PRI & SEC)
Hal COOLANT SUPPLY (PRI &

SEC _
: '_CC,%O\MTT—IFTUIN PRI A
st

]

Hy0 POTAMLE SUPMLY
Ha0 WASTE RETURN

Qg SUPPLY

Ny sumLY

AIR PRESSURE

AIR PROCESSING DUCTS
ELEC, POWER-PRIMARY
ELEC, POWER-SECONDARY
IDATA/CONTROL
| G/N-RCs

ECLSS

155
COMM, . -AUDIOAVISUAL
DATA-DIGITAL/ANALOG

FIGURE 2.%0 UTILITIES INTERFACES ARRANGEMENT
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ELECTRICAL CONNECTOR

FIGURE 2.51 REMOTE ACTUATED INTERFACE CONNECTOR CONCEPTS

NOMINAL MAINTENANCE CONTINGENCY MAINTENANCE

FIGURE 2.52 VUTILITIES INTERFACE ACCESS

2-78

)




ALIGNMENT LATCHES
GUIDeS :

ORIGINAL PALZ 15
OF POOR QUALITY

S0C
MODULE

FIGURE 2.53 MA TING ARRANGEMENTS

CAPTURE

CAPTURE/ATTENUATION
RING ASSY .

@/ﬁ%} | METER

DOCKING
IMPACT
ATTENUATORS
0.2m (8 INLJSTROKE] Jitl':

PASSIVE INTERFACE ACTIVE INTERFACE
PORT PORT
(50C MODULES) (DOCKING MODULE)

FIGURE 2.54 S TANDARD DCCKING/BERTIING PORT CONFIGURATIOR
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A passive port can accommodate a berthing mating operation. No active
attenuation is anticipated cther than the inherant atructural compliance.
However, an attenuation system is necessary to accommodate docking
operations with impact velocities of up to .15 M/sec (0.5 ft/sec). A .2 K
(8 inch) stroke will accommodate thia impact velocity with reascnable
attenuation. An investigation was made to verify that the docking module
utilizing an attenuation stroke of .2 M would always provide clearance
between the orbiter and the mating elements. A 6" misalignment was used as
a maximum mismatch between the docking module and the mating element. The
worst possible attitude is shown in Figure 2.55, deflecting the misslignment
to the maximum angle of 7°. With the 6°® misalignment sdded, the module is
pitched toward the cabin rcof at an angle of 13". At this position, there
is a clearance of five inches betwean the maximum diameter of the mndule and
the TPS tiles. Thia condition conservatively assumed that the attenuators
immediately "bottomed out” and did not impose any restoring moments. The
investigation alsc asgumed that the orbiter was a fired element which did
not rotate and fthus relieve the impact force. A dynamic analysis of this
condition that conaidera these eslements is necessary to provide a final
ansver to the guestion. However, this worst-worst case investigation
indicated that the docking module interface location is acceptable with a 6°
misgal ignment for safe docking operations.

MODULE 4% OUT OF LINE AMD BOTTOMED OUT ON DOCKING RING
V/HICH IN TURN 1S MTCHED AT ITS MAX ATTENUATEO

FIGURE 2.55 CLEARANCES WITH MISALIGNED DOCKING
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This active port has the guide pedals mounted to a ring which is supported
by four pairs of attenuation struts. Contact between the mating vehicles
occurs at the ring and the guide pedal capture latches. A ring retract
mechanism will pull the mating sur-faces together to affect the structural
latching and presgure sealing.

The attenuators are located externally to the pressurized volume. This
arrangement permits clear access to the utilities interfcce mechanisms and
provides support to the attenuation ring at the most desirable location.

The arrangement also permits the option of utilizing hydraulic attenuators
which wou'd not be permitted within the pressurized volume.

Other Spacecraft Mating Concepts

In order to define a standard mating interface concept, other spacecraft
projects that are under study were investigated to understand their
requirements and mating concepts. Four projects as well as the Shuttle
Orbiter baseline docking system were anslyzed. The four projects are
illuatrated in Figure 2.56; the 295 KW Power System, the Science and
Applicetims Space Platfntu {SASP), space construction of the Engineering
Technology Verifi.- tion Platform (ETVP), and te Flight Support Syatem (FSS)
of the Multi Missi.n Spacecraft (MMS) System The mating mechanisms and
utilitie s interface concepts of each of the projects PFigures 2.57 and 2.58,
were evalwmted and compared to the SOC developed concept. In all cases the
S0C concept could be substituted for the mating concepts developed for each
project with the possible exception of the FS5 which has hardware fabricated .
at this time. A typical installation is illustrated in Pigure 2.59 which
shows the installation with a 25 KW Power Systen.

2.3.2 Orbiter Docking Module Concept

The principal function of the dncking module 9 to provide a
pressurized, shirtsleeve, passageway between the orbiter crew cabin &nd be
S0C. The significant requirements imposed on the design of the docking
module concept are listed in Table 2.17. Figure 2.60 illustrates the
concept developed that complies with these requirements.

Dock:ng Module Configuration

Two docking module configuration options were identified and analyzed
{Figure 2.61). One concept consisted of a single unit that interfaced to
the aft bulkhead of the crew cabin and was supported from the payload
support bridge fittings. This unit slso incorvorated the Spacelab tunnel
interface at 660. A flexible joint at the aft crew cabin bulkhead isolates
the docking loads from the cabin.

The second option utilizes the Spacelad tunnel adapter a3 the lower
portion of the docking wodule. The interface to the orbiter cabin is,
therefore, at the tunnel adapter. This interface is the same interface that
‘g utilized fo- an external airlock paylcad bay arrangement. The docking
loads are reacted via the paylcad bridge fittings with a flexible, load
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isolation joint at the tunnel adspter interface. The tunnel adapter
provides the interfaco to the Spacelab tunnel at 660. This concept provides
tke capability to ipsatall or remove the orbiter mating capability in the
ssme manner as the remcval or installation of a payload. The concept
greatly min mizes the turnaround activity required for this type of
reconfiguration. Plgure 2.62 iliustrates this flexibility. Thia option
was, therefore, selected as the docking module concept.

The electrical power and the data/control interfaces tec the orbiter
utilize the dedicated payload feed through panels in the cabin aft bulkhead
for the data/control nterface, and interface for the electrical power at
the wire tray on aither side of the payload bay. This arrangement is
indicated in Figure 2.62 and 2.63. These interfaces accommodate the pover
and control necessary for the operation of the docking module as well as the
requirements across the mating interface. Control of the electrical lines,
both power and data, during extension and retraction of the docking module
is provided by coiling the wires, approximately 4" dia coil, around a
central telescoping guide rod. Fluid and gas distritution lines accommodate
the extensicn/retraction motion with flexible, bellows type, tubes,
indicated in Pigure 2.63.

SPACE CONSTRUCTION FUIGHT SUPPORT SYSTEM
FOR MULTI MISSION SPACECRAFTS

FIGURE 2.56 SPACECRAFT PROJECTS THAT MATE WITH THE ORBITER
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25Kw POWER MODULE

FIGURE 2.59 25KW POWER SYSTEM WITH DOCK.ING/BERTHING CONCEPT

TABLE 2.17 ORBITER DOCKING MODULE REQUIREMENTS

THE DOCKING MODULE WILL PROVIDE A PRESSURIZED ¢ASSAGEWAY BETWEEN
THE ORBITER CREW CADIN AND THE BERTHING/DOCKING INTERFACE,

A ONE-METER CLEAR PASSAGE WILL BE PROVIDED.
A SPACELAB TUNNEL INTERFACE WILL BE PROVIDED AT X,680, 2,337.9.

I{N THE RETRACTED POSITION, A 3G-IN. CLEAR PASSAGE WILL BE KAIN-
TAINED BETWEEN THE INNER MOLD LINE OF THE CARGO BAY DOORS AND THE
MATING INTERFACE OF THE DOCKING MODULE.

THE MATING INTERFACE WILL EXTEND TO 2,315 AS A MINIMUM,

AN EMERGENCY SEPARATION ¥I!LL BE PROVIDED SUCH THAT SUBSEQUFNT
PAYI.QAD DAY DOOR CLOSURE 13 POSSIBLE AND THAT THE SEPARATION WILL
NOT RESULT (i A LOSS OF CABIN PRESSURE, OR CREATE UNACCEPTABLE
VEHICLE DAMAGE OR LOSS OF EVA CAPABILLITY,

THE DOCKING MODULE CONCEPT WILL NOT PRECLUDE THE CAPARILITY TO
FUNCTION A3 AN AIRLOCK,

THE DOCKING MODULE INSTALLATION WILL ACCOMMODATE THE SERVICING AND
OPERATION OF ONE MMU,

2-85

b 1 e N P o S X P pa it B dsrmip oot amtabisle g A L



T T ot A TN e g sy T g -

R T T o e g T
e

et o gloainainalaia LT <o sl h | o

{f EMERGENCY
SEPARATION
PLANE

FIGURE 2.60 DOCKIKG MODULE CORCEPT

—

COMPLETE SINGLE ITEM UTILIZATION OF TUNNEL ADAPTER
X 611.0
ORMTER CABIN ORTL. CABIN | X |
‘;l; X
DOCKING MODULE~L g DOCKING MODULE -] a
1
AN
nt
. ' - 2,400
SPL~ FLEX
’ JOINT
‘[ - T Z.357.%
— = ™=TUNNEL
ADAPTER
X, 818,0
(CTUNNEL Xo640
m_—xom,o
RETAIMS INSTALLATION  HATCH
QF:
1. TUNNEL ADAPTER
- 2. ABS
- 3, ELECTRICAL

FIGURE 2.61 DOCKIRG MODULE CONFIGURATION OPTICHS

2- 86



F POO
DOCKING MODU £ 15 DESIGNED FOR
EASY CHANGEQUT - LIKE CARGO DATA/CONTROL
CONNECTOR PANELS

“ MODULE
\DAM/CONI‘ROL
S

FIGURE 2.62 DOCKING MODULE INSTALLATIOR

FLEXISLE TUBES

CONSTRAINED, COILED WIRE

SIGNAL &
CONTROL

ELECTRICAL
POV | \ X ELECTRICAL
b POWER
WIRE TRAY — ]} N\

MID FUSELAGE | _ \:' ) / :
\‘ -__/' / ,

FICURE 2.63 UTILITIES INTERFACE ROUTING

2-87

R At B Ak




ERSEREE Lt S L B S I e e e gy o
i ’ ‘ il "5"““‘\.‘ ﬂ

A i

- - .
»

In addition to reacting the docking oads, the docking mcdule suppnrt
structu-e arrangement must provide clezrance for the operation of one MMU
and stowage provisions for the manned remote work station {MRWS). A
structural arrangement to accommodate these requirements was developed and
is indicated in Figure 2.64. Later information, however, resulting from the "
MEWS studies showed the inability of the orbiter remote manipulator system :
{RMS) to reach the stowage position of the folded MRWS. The stowags of the
MRWS on the orbiter is moved aft, clear of the docking module support
structure. Consequently, the final docking module support structure is as
shown on Figure 2.65.

Docking Module EVA Operations i

EVA capability must be maintainad when the docking medule ia instslled
on the orbiter. EVA is accomplished by utilizing the on board airlock. The
docking module, therefors. must provide a c¢lsar pasasage way to the ambient
environment. Figure 2,66 illustrates the passage ways available for several
programs. For three of the arrangements the on hoard airloes of the orbiter
provides the EVA capability. However, if a Spacelab program requires
aimultanecus EVA and a clear Spacelab passage, then the docking module must
become the airlock and this arrangement is indicated on the lower two
examplea. Airlock pressurization controls and an upper hatch are the only
items regui-ed to have thn docking module assume the role of an airleck.
However, tha Spacalab operaticon requiring simultaneous pa.-sage a.d EVA
capabilities seems quite remote so that the nominal dockirg module
arrangemernt selected does not have the airlock capability although
provisions to accommodate this capability would be present. The nominal
docking module concept is illustrated in Figure 2.67.

To perform EVA through the docking module for unmanned missions, such as
the 25 KW Power Syatem and SASP, clearance must be provided at the end of
the docking module to permit EVA egress. Examples of this condition are
illustrated in Figure 2.68. An alternative solution is illustrated in
Pigure 2.69 which indicates the feasaibility of incorporating the standard
docking/berthing interface on an unpressurized docking module concept. EVA
egress can be accomplished by incorporating a clear passage through the
truss sfructure of the unpressurized docking module design rather than
perturbing the spacecraft.

Docking Module Requirements

Preliminary requirements have been generated to define the docking
module. The requirements are grouped into the three principal deaign tasks;
(1) the docking mechanism, {2) the utilities interfaces, and (3) the docking
module primary structure and tvnnel extension. These requi ements are
listed in Table 2.18B.
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TABLE 2.18 DOCKING MODULE REQUIREMENTS FOR STAHDARDIZED CONCEPT

DOCKING MECHANISH

¢ THE DOCKING MECHANISM SYSTEM SHALL BE ANDROGYNOUS AND ALLOW DOCKIKG AT 90-DEGREE

ALIGNMENT INCREKENTS.

® ALL DOCETNG SYSTEM HARDWARE, EXCEPT THE ATTENUATORS, SHALL BE LOCATED WITHIN THE
PRESSURE-SEALED INTERFACE AND BE ACCESSIBLE TO THE CREW FROM WITHIN THRE PRESSUR-
IZED ENVIRUNMENT. THE IMPACT ATTENUATORS WILL BE LOCATED OUTSIDE OF THE
PRESSURIZZD INTERFACE AREA.

. :&H-gﬂ CLEAR QPENING WILL BE MAINTAINED THROUGH THE DOCKING MECHANISHM AT
TI .

® THE GUIDE PETALS WILL BE ORIENTED ALONG THE ORBITER COORDINATE AXIS.
® DOCKING—DESIGN IMPACT CONDITIONS
= AXIAL CLOSING VELOCITY 0.015-0.15 m/sec (0.05-0.50 ft/sec)

= LATERAL VELOCITY <0.06 m/nec (£0.2 ft/nec)
= ANGULAR VELOCITY 1.0 deg/sec {ABOUT ANY AXIS)
= LATERAL MISALIGNMENT 0.23 m (0.73 1)

= ANGULAR MISALIGNMENT €5,0 deg, ROLL; %6.0 deg, PITCH/YAY

* THE DOCKING MECHANISN WILL BE CAFABLE OF PERFORMING ACTIVE OR PASSIVE
DOCKING/BERTHING

.

UTILITIES INTEAFACES

® ALL UTILITIES INTERFACES SHALL BE LOCATED XITHIN THE PRESSURE-SEALED INTERFACE
AKD WILL BE REMOTELY ACTIVATED.

® ALL OF THE CUTILITIES INTERFACES WILL OF ACCESSIBLE TO THE CREW FROM WITHIN THE
PRESSURJZED ENVIRONMENT.

® ANY SERVICE INTERCONNECTIONS REQUIRED TO BE EXTERNAL TO THE PRESSURIZED AREA
WILL BE UNIQUE FOR A PARTICULAR MISSION.

* THE UTILITIES SERVICES TO BE ACCOMMODATED ACROSS THE DOCKING INTERFACE ARE TBD.
® THE LOCATIONS OF THE UTILITIES INTERCONNECTIONS TO THE ORBITER SYSTEM ARE TED.
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TABLE 2.18 DOCKING MODULE REQUIREMENTS FOR STANDARDIZED CONCEPT {CORT.)

PRIMARY STRUCTURE

» EXTENSION TUNNEL & DOCKING MECHANISM WRKEN RETRACTED ¥iILL PROVIDE EVA CLEIARANCE
I';:'I THE PATLOAD DOORS CLOSED (XIN. CLEARANCE, 36 IN. FROM DOCKING INTEAFACK
-Zo 457).

® EXTENSION TUNNEL WITH DOCKING MECHANISM WILL EXTEND 13 IN. BEYOND ORRITER NOLD-
LINE (DOCKING INTERFACE AT 2, 313},

¢ THE FIXED STRUCTURE OF THE EXTENSION DEVICE WILL BE SUPPORTED FROM TEE ORBITER
PAYLOAD BAY LONGERON BRIDGE STRUCTURE & CENTERLINE KEEL STRUCTURE.

® ACCOMMODATION OF ONE MMU/F53 ON THE LEFT SIDE OF THE ORBITER WILL BE PROVIDED,

® A FLEXIBLE., PRES3URE-SEALED JOINT WILL BE PROVIDED DETWEEN THE EXTENSION DEVICE
& THE TUNNEL ADAPTER ELEMENT—NO DOCXKING LOADS WILL BE TRANSFERRED TG THE TUNNEL
ADAPTER.

& HATCH ACCOMMODATIONS WILL BE PROVIDED AT TEE DOCKING INTERFACE END OF THE
EXTENSION TUNNEL.

® AK EMERGENCY SEPARATION DEVICE WILL BE PRO\lFIDED SUCH THAT SUBSEQUENT PAYLOAD BAY
DOOR CLOSURE 1S POSSIBLE. EMERGENCY SEPARATION SHALL NOT RESULT IN LOSS OF CABIN
PRESSURE, UNACCEPTABLE VEHICLE DAMAGE, OR LOSS3 OF EVA CAPABILITY,

® AIRLOCK CAPABILITIES ARE NOT REQUIRED IX THRE RETRACTED OR EXTENDED TUNNEL
CONFIGURATION.

® A MINIMUM CLEAR PASSAGE OF ONE METER WILL BE PROVIDED THROUGH THE TUNNEL IN THE
RETRACTED OB EXTENDED ARRANGEMEXNT,

® THE EXTENSION DEVICE WITH THE DOCKING MECHANISM WILL BE LOCATED BETWEEN X, 582
AND X, 660.

ORIGINSL 0 i
OF POOR QuALITY
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2.4 FMS BERTHING ANALYSIS

In addition to the precsding analyaes related to direct docking of the
Orbiter to the SOC the gerneral feasibility of berthing the Orbiter to the
S50C with the RMS was explored. Sevan simuletion runs were performed by SPAR
Aerospace Limited of Canada, using their ASAD non-real-time simulation
program. The purpose was to assess the general capability of the EMS for
handling the very large system masses associated with the SOC and the fully

loaded Orbiter and to identify any problem criticalities or important issues
thet might exist.

The SPAR simulation program is a high fidelity model which includes the
effectas of arm flexibility, joint freeplay dynamics and the current joint
contrcl software which was deaigned to handle payloads up to 65,000 lb. The
simulation model didé not include Orbiter or SOC body flexibility effecta nor
environmental disturbance torques (mero & grav-gradient).

Study emphasis was on analyzing the ability of the RM3 to arrest the
ipitial relative motion between the Orbiter and the S0C, but the subssquent
use of the RMS to reposition the orbiter to a preberth position directly
over the SOC docking port was also briefly investigated. A short
description of the "problem model”™ used in the berthing anelysis is
presented below along with a summary of the simulation runs and related
results. Appendix E contains the complete detailed analysis package with
231 the parameter plots as prepared by SPAR.

2.4.1 Thysical Model for EM5S Berthing Analyses

The reference configurations used in the simulation analysis and their
mass properties ars shown in Figures 2.70 and 2.71 for the SOC and the
Orbiter, respectively. The SOC configuratien is the JSC bassline consiating
of the central cluster of basiec S0C modules. Spzace comstruction and flight
support facility elements are omitted except for the stage assembly module
{SAM) which is part of the flight support facility. Also, no construction
projects and/or OTVs and planetsry stages are included. The addition of
these elementa, particularly a fully fusled MOTV could easily double or even
triple the SOC mass prorerties listed here. The SOC cg and the location of
the end effector grepple fizture are shown in SOC coordirates in Figure
2.70. As indicated by these data the grapple point is offset from the SOC
cg by some 3 or 4 feet in the Y and Z directions and nearly 34 feet in the X
direction.

The Orbiter configuration as depicted in Figure 2.71 is representative
of an operational "bird” with the marimum 65,000 1b payload installed. 1In
this heavily loaded condition, the Orbiter cg is offset from the RMS
mounting location by nearly 38 feet.
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The initiel geometry for the berthing simulation runs is shown in Figure
2.72. The S0C berthing port was assumed to be centered directly over the
Orbiter docldng port and with SOC X-axis perfecty aligned with the Orviter
Z-axis (no angular misalignment). The separation Jdistance wai maximized
within "comfortable™ RMS reach limits which was initially eatimated to be
the 24.8 fest shown. It wvas later determined that this distance muat be
reduced by 2 or 3 feet to assure that shoulder and elbow pitch joint limits
are not exceedad by the herthed condition. This adjustment waa not
incerporated into the sim runs, but was felt to have negligibls study
impacts. This was born out by the simulation results which skowed
maintaining a eafe separation distance was not a critical factor. The arm
geometry at the point of end effector engagement is shown in the figure
along with the initisl values of all joint angles.

2.4.2 Sipulation Resulta Summary

Seven simulation runs were generated, 5 to study the RMS capability to
arrest residual motions and 2 to sxplore its ability to maneuver the Orbiter
to the S0C port once the residual motions were nulled. Of the 5 motion
arrest cases 2 were aimed at determining if the direction of relative motion
was of any significance, one was to determine the effects of software mods
on arm stability, one was to probe the effecis of berthing to a stablilized
S0C (active altitude control)} and one to determine if angular residusl
motions posed gresater problems than linear motions. The two arm maneuvering
runs to poaition the Orbiter over the SOC port were aimed at the capability.
differences between manual and automated arm positioning modes. The oversll
resulis are surmerized in Table 2.19. Individual case coaditicrs and their
respective results are presented. The general finding ia: EMS berthing is
feasible, but requires minor mods to the control software. Large residual
motions (compared to expected values) can be nulled within stopping
distances and angles of 18 inches and 5 degrees.

The datae from run 1, Figure 2.73, illusirates the need for software mods
to acheive atable control. The current software is shown to produce
undamped oscillations using the manual sugmented mode {MAM) to arrest
residual motions. Runm 3 in Pigure 2.74 shows stability is achieved for the
same case conditions, but with the MAM modified to elimipate the automatic
svitchover to the position hold (PH) submode which occurs when all joints
are within the 0.05 deg/sec rate threshold. The higher control gains
inherent within this submode produced the instability exhibited in run Il.

Run 4 in Pigure 2.75 shows the modified (MAM) mode provides stable
control for the case with a stabilized SOC. All other sim runs were made
with the Orbiter and the SOC in free drift modes (no attitude contrel).
Somevhat higher frequencies are seen in the arm response characteristics for
this cass, but stable control is exhibited. Active SOC attitude control was
emulated in this case by applying a 107 factor to the SOC moments of
inertia {muss was held the same aa for the other runa). This does not
precisely simulate all of the control system dynamics that would be present
in the actual 30 attitude control system, but is does give s feel for the
principal effects of a relative.y tight SOC attitude comtrol concept during
the initial berthing cperations (motion arrest).
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TABLE 2.19 RMS BERTHING RESULTS SUMMARY

CASE CONDITIONS

SUMMARY RESULTS

« ARREST INITIAL MOTION {.1 tt/sec, 025%/sac) MOTION
IN THE ARM PLANE

+MAM/CONTROLLERS IN NEUTRAL (LE., ZERD RATE
COMMANDS)

*PHM AUTOMATICALLY ENGAGED FEW
SECONDS AFTER “RIGIDIZATION"
*MARGINAL STABILITY
~NO APPNECIABLE DAMPING (800 sec)
—SOC CENTER OF MASS PEAK-TO-PEAK
EXCURSIONS 1.6 1t

+SAME AS ABOVE WITH INITIAL MOTION PERPENDICULAR
TO THE ARM PLANE

o UNDAMPED OSCILLATION

L6-2

*ARREST INITIAL MOTIQN (.1 tt/see, .025%/s6c) MOTION IN
THE ARM PLANE

s MODIFIED MAM/CONTROLLERS IN NEUTRAL

oSTABLE CONTROL EXHIBITED
AFTER 730 SECONDS
—SOC CENTER OF MASS PEAK-TO-PEAX
EXCURSION WITHIN 1 INCH
~S0C ATTITUDE EXCURSION WITHIN
0.2 DEG
oRELATIVELY HIGH LOADS FOR SHORY
PERIOD IMMECIATELY AFTER
RIGIDIZATION; LEVELS ACCEPTABLE

«SAME AS ABOVE WITH SOC INERTIA 107 HIGHER THAN
BASELINE; SIMULATE “STOPPING PHASE™ WITH SOC ACS
ACTIVE

¢HIGHER FREQUENCIES ARE EXHIBITED
AND SLIGHTLY HIGHER LOADS, BUT
STILL WITHIN ACCEPTABLE LEVELS

« MANEUVER SUC WITH MODIFIED MAM
o INITIAL CONDITIONS FROM END OF RUNJ
« COMMAND TOWARDS “PREBERTH" POSITION/ORIENTATION

*SUITABLE STRATEGY FOR MANEUVERING
THE S0C

s USING SLIGHTLY MODIFIED OCAS MODE
~MANEUVER THE SOC TO “PREBERTH"” POSITION/
ORIENTATION
~STABILIZE THE SOC AT “TREBERTH”
*INITIAL CONDITION FROM END OF RUN 3

*OCAS QUITE SUITABLE FOR MANEUVERING
THE SGLC

*0DCAS NOT SUITABLE FOR STABILIZING
THE SOC; MARGINAL STABILITY IS
EXHIBITED NEAR THE “PREBERTH"”
POSITION

* ARREST HIGH ANGULAR MOTIOR (.052 ft/sec, .17329/sec)
* MODIFIED MAM/CONTROLLERS IN NEUTRAL

*MODIFIED MAM CONFIRMED AS THE
STRATEGY FOR STOPPING AND/OR
STABILIZING THE SOC
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As illustrated in run 5, Figure 2.76, the modified MAM could also be
used to reposition the Orbiter to the SOC docking port. Stable control is
produced. Significant drift was noted in the joint control electronics, but
with suitable video aids the RMS operator should be able to manually control
the Orbiter to the desired berthing position. Settling time irteractions
with these joint drift rates may ceuse some difficulties. Real time,
man-in-the-loop sirmilations are required to determine the significance of
theas interactions.

Stability provlema were encountered in run é. #s illustrated in Figure
2.77, further moda to the control software wculd be required to produce
stable control with the automatsd arm maneuvering modes. With the automated
modes, a "washout zone"™ is used to amooth the stopping action at the
designated position. Within the washout zone (several feet from the target)
diatance and angles to go data are calculated and fed into the arm control
network to insure a smcoth transition to the desired final position and
orientation. This feedback function in the automated arm maneuvering modes
has the same effect as the position hold submoda in the motion arrest cases
above. The effective control gsins are increased and instability results.

Rurn 7, Pigure 2.78, shows that the effects of high angular residual
motions inatead of high linesr motions introduce no special preblema.
Stopping distances are small and stable control is provided by the modified
MAM,

It is concluded that modifying the RMS control software to eliminate the
inatabilities, judzed by SPAR to be minor changes, will result in
satisfactory berthing performance. The simulsations indicated wide
separation margins between the Orbiter and the SOC can be maintained and
peak arm lcads, while high will be within their design limits. Thus, EMS
berthing the Orbiter to the S0C is deemed feasible, but requires minor
medifications to the arm control softwars.

Further analyses are required to determine (1) Orbiter/SOC flexible bedy
effects, (2) effects of inecreased mass properties for SOC growth
configurations and uprated/sugmented thrust Orbiter concepts and (3) the
moat effective software changes applicable to the range of conditiors
expected for the overall SOC szensario.
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3.0 SOC ASSEMBLY

The SOC assembly procedure is premised on the reference configuration
depicted in Figure 3.1 and the use of the Shuitle Orbiter as an &saenmbly
base. In that capacity, the role of the orbiter, the requirements imposed
on it, and the equipment needed to perform the assembly operations must be
detertnined. In this section of the report, these issues are examined in
conjunction with several sssembly scenarios. In addition, visibility,
lighting and CCTV provisions and the requirementa to stabilize the untended
SOC during partial assembly configurations are presented.
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3.1 SUMMARY
The SOC Car and Should Be Designed to Accommodate Variations in the Build Plan

Future uncertainties lead to the need for versatility im the SOC
design. The exact nature, timing and rate of growth of user program
requirements are difficult to predict. There are also uncertainties in
funding availability. Program funding is subject to other national
priorities and can vary with general economic trends. Further,
international space developments may introduce new urgencies and/or changes
to near term program emphasis. Thus, the S0C design concept should allow
for variationa in the buildup scenario to meet these evolving future needs
and influences.

Preliminary analyses have shown that modeat changes to the hagseline 50C
configuration can satisfy a wide range of build plans. For exenple, the
baseline RCS system is not adequate for full functional capsbility with just
one service module. A small supplemental RCS aystem will satiafy the
control needs for the direct buildup scenario, but would be seriously
limited for most evolutionary build plans. However, changing the design to
allow installation of the complete baseline "dual boom™ RCS system on the
first service module (instead of half s system on each service module) would
aatisfy the RCS control functions and redundancy needs for virtually all
buildup options.

Also, momentum control concepts sized to the full up SOC configuration
can meet the needs of all early mission options. Even assuming one-half of
the momentum control is located in each service module there is ennugh
capacity to perform many early missions with configurations centered on the
use of a single service module.

SOC Assembly Variations

In accordance with guidelines based on a NASA-generated buildup
sequence, a baseline scenario was generated. In the baseline scenario, the
SOC modules are produced and deliverad in the mest logical sequence to
achieve "full-up" operational capability in the earliest feasible time
pericd. Two variations to the baseiine were examined in which the delivery
of the RMS Control Module was manipulated to assess ita sensitivity to the
overall conatruction of the S0C. As a consequerce of this analyais, a
handling and positioning aid (HPA) was identified as a necessary piece of
equipment, by one of the variations, in order to achieve the overall SGC
assembly. The HPA was also & significanc factor in generating two
evolutionary SOC assembly scenarics that provide a high degree of mission
flexibility. The desirability of an evolutionary approach would be further
enhanced by a& build sequence that permits the earlieat operational
capability and, at the same time, minimizes front end costs.

The analysis resulted in a high confidence technique for the assembly of
the SOC modules. It was further indicated that the 50C can be designed to
accommodate nominal and evolutionary buildup modes, and variations to those
modes with the addition of relatively minor provisiona.
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SOC Assembly Visibility

An anslyais of lighting and TV requirements for the initial assembly
operations of the SOC was conducted to determine what features should be
incorporated into the SOC and to define potential orbiter impacts. The SOC
1mpacts resulting from the analysis included a concept for installation of a
TV camera and & light (or lighta) on one side of each berthing port, with a
target on ths mating side (up ceming module). This concept is shown in
Figure 3.2. 1In addition, the recommendation includes four exterior flood
lights on the RCM cabin, a movable (%tilt and pan/TV camera and light set on
the RCM manipulator wrist and elbow, and approximately 45 small, colcred
marker lights distributed arcund the erxtremities of the SOC. The latter
includes four marker lights on each of three orbiter docking porta.

Recommended minimum changes to the orbiter include a movable lamp on the
aft bulkhead of the cergo bay, two movahle TV cameras and lights on the aft
sides of the docking module exterior and a TV camera and light(s) in the
docking port. The proposed locations for all lighta, cameras targets are
summarized in Figure 3.3. Note that if a handling and positioning aid is
used as proposed in some alternate schemes, a TV camera and light are also
recommended for the attach port.

The peak power requirements estimated for the orbiter cargo operations
could be as high as 4.5 to 6.1 kW, while the SOC peak power for lighting and
TV near the end of the buildup sequence could require up to 6.6 kW. It was
nresumed that SOC power would be available to support its own lighting, TV
and RCK operations from (at leamst) a partially deployed solar array after
the first flight in the assembly sequence. ) .

Other deaign features which can enhance the versatility and enlarge the
range of early SOC applications are the use of independent life support
systems in the two habitability modules snd the incorpcration of "docking”
capability in the tunnel assembly for joining habitable volumes.

Thus, it is concluded that the SOC design concept can and should have
the versatility to accommodate a wide range of evolutionary build plans.

3.2 SOC ASSEMBLY SEQUENCE VARIATIONS

The use of the Shuttle Orbiter 23 a base for space construction has been
thoroughly studied by many industry and NASA investigations. The thrusts of
most of these studies deslt with construction of space platforma from basic
building block structural elements. Very little emphasis was placed on
assembling large modules together as in the SOC. Nevertheless, there were
indications that the orbiter and its support equipment can accomplish the
taak. To investigate the feasibility of such an approach, a logical S0C
assenbly sequence must be determined. In this portion of thes report,
descriptions of several =mssembly scenarios are presented with emphaais on
the geometric configuration of the SOC during its assembly.

3-3

PO Y

L N S Y 3



CEm e me s e

ORIGINAL PACE 13
OF POOR QUALITY

*CCTV CAMERA MOUNTED
TO INTERNAL CENTER OF
HATCH, 100KS THROUGH WINDOW

*TWO LAMPS MOUNTED INSIDE
OUTER 1ING OF PORT,
BATTERY O SOC POWER

o CREW PASSAGE AID
AFTER DOCKING

SINDIRECT, WIDE-ANGLE
LIGHTING OF TARGET

AND MODULE
ROOKS THROUGH WINDOW)
# STANDARD PARTS FOR
FINAL ALIGNMENT MmcnﬂﬁwunON
COST SAVINGS, AtL
¢ [NDEPENDENT OF MANUALLY REMOVARLE
IN SPACE

MG GRAPPLE POINT
ON MODULE

FIGURE 3.2 CONCEPT FOR BZRTHING PORT LIGHTING/TV AND TARGET KIT

FOR EACH BERTHING PORT lerm LIGHT ON DOCKING FORT
. ANTENNA \ST L) {FIRST FLIGHT)
o
: ®Cs 2 - TV CAMERAS AND
T o 2 - LIGHTS ON DOCKING
N MODULE AFT SIDES
Fl {TILT & PAN)
LIGHT AND TV CAMERA
ON HPA (IF USED)
) : : (STANDARD) 6-LIGHTS
T T . hy IN CARGO BAY WALL
; N ADDED LIGHT ON AFT
N CARGO BAY BULKH'D
N {TILT & PAN)
.’ h (STANDARD) TV CAMERA
p A\ .. ON AFT CARGO BAY
7 i3 BULKHEAD

MARKER LIGHTS

AT ALL MAJOR
EXTREMITIES

A3 PLCS, INCLUDING
4 AT EACH OF 3
DOCKING PORTS)

-

Syt AL TS TLT SRARSRA LI R LA LYY

R
A
3

/7 ALIGHTS ON
R/ACM CAMN
(TILT & PAN)
STAGE ASSY SYS
LIGHT AND TV CAMERA (SAM)
(TILT & PAN) ON WRIST
AND ELBOW OF /CM
MANIPLLATOR
FIGURE 3.3 LIGHTING AND TV CAMERAS POR S0C ASSEMBLY

5

T
»

Ty
) -

b

3-4

e B




“n generating the scenarioa, a number of operatiocnal issuea were
considered {or assembling the SOC. Table 3.1 liats the iassues along with
the varioua corniderations that wers specifically addressed in relation to
the iasues. T -4 of these imsues, alignment aids and stabilization of the
untended SOC .ssemhly, were found to be extremely aignificant and an in
depth trsatment of both issues are presented in paragraphs 3.3 and 3.4. As
a further aid in formulating the scenarios, 1/48 scele models of the orbiter
and the various S0C modules were utilized to simulate the buildup
sequences. The fidelity of the models was sufficient to establiah the
feasibility of the selected SQC-orbiter orientations and to determine gross
reach capabilities of the manipulators utilized in the assembly. A
photographic array of the 1/48 scale models is shown in Figure 3.4 in which
a4 variation to the baseline sequence is illuatrated.

A significant result of the SOC assembly task wvas the ideatification of
two major pieces of assembly equipment which facilitate the S0C assembly.
These pieces of equipment, the Paylosd Installation and Development Aid
(PIDA)}, and the Handling and Positioning Aid (HPA) are in addition to those
considered standard equipment aboard the orbiter and the SOC. The PIDA,
Reference 1, is intended to move large payloads through u prescribed and
controlled path between the confined quarters of the paylcad bay and a
position outside the critical maneuysring area of the orbiter. As utilized
in the S0C assembly, two synchronized drive PIDA arms deploy a SOC module
out of the payload ovay in a two-stage moverment as illustrated in Figure
3.5. Each PIDA arm coasista of a deploy/stow mechanism, a payload interface
mechanism, un electromechanical rotery actuator with its respective
electronic controls, and 2 base, with a jettison interface, that connects
the assembly to the orbiter longeron bridge fitting as shown in Figure 3.6.

The HPA is mainly en attachment device to which various payloads can be
berthed and which provides a multi-positioning/orientation capability of the
various payloada for orbiter-based conmatruction and near-orbiter satellite
servicing activitieas. In that capacity, it complements the role of the RMS
by maximizing its reach and enhancing its capability to acceas points on
payloads of complex geometric configurations that otherwise would be
inaccegsable to the RMS as illustruted in Figure 3.7. The HPA rlso provides
improved visibility of the particular work site to the RMS operator or
brings the work site within the direct line of sight of a CCTV camera.
Conceptually, the HPA is envisioned as a relatively stiff arm with five
degrees of freadom. It will consist of an orbiter interfece mechanism, a
tubular shaped drive arm and a payload interface mechaniam with its own
electronic control as seen in Figurs 3.8.

3.2.1 S0C Assembly - Baseline Scenario

The baseline assembly sequence utilized the NASA/JSC referenced
sequence. A detailed analysis of this sequence was conducted which
identified all required berthirg/docking operations, examined translation
paths, reach distances and visibility conditions. To fully asgemble the SOC
by the baseline scenario, seven orbiter flights are required to transport
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all of the S0C modulea. The parlcads for each of the seven flights and
sequence of their assembly are listed in Table 3.2 and illustrated in Figure
3.9. Each of the flights is described separately along with the major
operations required to attach its peylozc to the S0C and scme of the
developmental issues that will require further investigations.

Baseline Scenario = Plight No. 1

Payload: Service Module No. 1 (SH-1)

Equipment: Payload Installation and Deployment Aid (PIDA)
Remote Manipulator System (RNS)
Docking Module (IM)

Once the assembly orbit is achieved, SM-l ia deployed from the orbiter
paylcad bay using the PIDA. SM-1 is then grappled by the RMS, which
tranaports it to the vicinity of the DM, orients it and effects s berthing
operation between the end port of SM-1 and the DM as shown in Pigure 3.9. A
checkout operation of SM-1 follows including solsar array deployment and
retraction. :

It is desirable to arrange the stowage of SM-1 so that the PIDA heads
would interface with the main body of SM-1. Consequently, the SM-1 airlock
needs to be oriented down iu the payload bay and the body up so it can be
closer to the PIDA heads. With that position, the orientation of SK-l1 on
the DM with the airlock pointing aft aprears to be the easiest for the RMS
to perform and was adopted as tne bassiine orientation.

A complete checkout of SM-1 prior to its deployment from the payload bay
cannot be performed, e.g., deployment of the solar array. Consequently, it
was established that only hazard red lines, if any, need to be monitored for
each module while awaiting depioyment rrom the puyload bay. On that basis,
a conplete checkout of S5M-1 can only be performed efter 1t is berthed with
the M.

At the conclusion of the checkeout operation, the analyzis identified the
need to establish an untended SM-1 configuration. Specifically, the control
stability of SM-1 with or without a deployed sclar array boor muist be
determined to establish flight approaches for orbiter revisita. This
condition exists after each flight until the SOC is fully aasenmbled.
Conasquently, requirements for the untended SOC were derived and are
presented in Section 3.4.

Baseline Scenario - Flight No. 2

Payload: Service Module No. 2 (SM-2)
Equipment: PIDA, RMS & ™M
The discussion of Flight No. 1 regarding atowage within the payload bay

and deployment also pertain to Flight No. 2 since the payloads are similarly
configured. The distinguishing feature of this flight is the selecticn of a
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TABLE 3.2 SOC ASSEMBLY - BASELINE SCENARIO BUILDUP SEQUENCE

CONFIGURAT IO ]

MODULE 1 12 3 | 4 s | 6 7
SERVICE MODULE 1 (G SV O I x | x x | x X
SERVICE MODULE 2 (S1-2) X x | X x | x X
HABITATION MODULE 1 (HM-D) X | X X [ X X
HABITATICN MODULE 2 (HM-2) X x | ox X
STAGE ASSEMBLY (S x| x X
RMS/CONTROL (R/CM) x | x X
TUNHEL m X X
LOGISTICS MODULE w X X
CONSTAUCTION FACILITY () X

FIGURE 3.9 SOC ASSEMBLY - BASELINE SCENARIO
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side port on SM=1 to interface with the orbiter DM. Interfacing the orbiter
to the side port, as shown in Figure 3.9, was found necessary to bring the
attachment operation of SK-2 to SM-1 within the useful reach of the RMS. As
a consequence of the resulting arrangement, a berthing (rather than a
docking) operation of the orbiter to SH-1 may be required when considering
the close proximity between SM-1 and the crew cabin.

The visibility requirements of the RMS operator during all aspects of
assembly operations were recognized early in ths aaslysis. It is apparent
that the RIS operator wiili be unable to have adsquate visual contact with
most docking/berthing interfaces. On-axis opticsl devices can provide
adequate visibility and a discussion of their use is presented in Paragraph
3.3 along with lighting snd CCTY provisions that are required during
assembly operationa.

Baseline Scenario = Flight Ko. 3

Payload: Habitation Module No. 1 (HM-1)
Equipment: PIDA, RMS & DM

The orbiter can be docked or berthed to the end port of SM-1 at the
initiation of the assembly oreration of this flight. Deploying HM-1 from
the payload bay will require the use of a PIDA because of ita large
diameter. The RMS reach to accomplish the task as depicted in Figure 3.9 is
ajequate. To minimize translation distances and unnecessary articulation
maneuvers on the part of the RMS, the HM-1 must be stowed so that its 50C
interfacing port is facing forward while in the payload bay.

Baseline Scenario - Flight No. 4

Payload: Habitetion Module No. 2 (HM-2)
Equipment: PINA, RMS & DM

The operations that are required to transport, deploy and attach HM-2 to
the S0C are similar to those of HM-1. The notable exception is the
interface betwesn the orbiter and the S0C asgsembly. In this case, the
orbiter muat dock or berth to the end port of SM-z rather than SM-1 to bring
the attachment operation of KM-2 to the SOC within the usable reach of the
RMS, Since the RMS is the only tool avsilsble at this point in the assembly
sequence to accorplish the task, it is neceasary for the orbiter to
interface with SM-2. It mus® be noted that this is the third separate
orbiter interface port that was dictated by the baseline asaembly sequence
which leada to the issue of standardized orbiter/SOC terminal closurs and
docking maneuvera. Variations in approach paths and orbjiter attitudes can
effect the precision of the closing trajectory and the required amcunt of
RCS thruster activity. It is imperative to minimize the number of interface
ports so standardized docking maneuvers can be adopted o aimplify the
docking operations.

3-11

-




e e \f e A - Y = it 5 ¢t e o g

Baseline Scenario ~ Flight Ho. 5

Payload: Stage Aasembly Module {SAM)
RMS/Control Module (RCM)

Equipment: RMS & DX

To mirimize the need for unsochting and redocking on this flight the RCM
arm is proposed as an assembly tool. The procedure calls for the orbiter
RMS to attach the RCM to the SOC initially. Then, by the aid of the RCM
arm, the SAM is deployed from the payload bay and attached to the S0C. This
procedure inmpoaes a significant requirement, i.e., a c¢rewman inaide the SOC
to operate the RCM arm. {This requirement applies to all assembly concepts
vherever the RCM arm i3 used as an assembly tool). Crew transfers into the
S0C were not required prior to this flight. If subsequent unforseen factors
prohibit the use of the RCM arm at this time, then the orbiter RMS can bs
employed to attach the SAM by undocking the SOC/orbiter and redocking at the
end port of SM-1.

As envisioned in the reference SOC configuration of Figure 3.1, the SAM
was assumed to be a deployable mcdule with a stowed configuration that will
allow its stowage within the same orbiter as that carrying the RCH. If it
is not a deployable module, &3 proposed in Sectionm 5.0, one additional
orbiter fl1ight will be required to assemble it to the SOC, but it will not
alter the operational assembly procedure significantly. When the SAM is
assumed to be deployable, it is desirable to postpone its final deployment
until the subsequent flight when the SOC can be declared operaticnsl. In
this way, the operational flexibility of the RCM will be maximized by the
absence of a deployed SAM appendage.

Detail design definition on both the SAM and the RCM were not availabdle
to investigate their packaging arrangement within ths payload bay. To
ninimize the RCM stowege envelope, hcwever, its cadbin and interface tunnel
need to be oriented in the same direction ard, most likely, will be berthed
to the S0C ir that orientation.

Baseline Scerario - Flight No. 6

Peyload: Tunnel Module (TH)
Logistics Kodule (LM)

Bquipment: PIDA, RMS, DM & RCM

This is the only flight of the baseline scenario where the reach
capabilities of RMS were found inadequate to attach the TM to the SOC while
the SOC is attached to the D¥. This condition existe regardless of
scenario. For the baseline 3scenario, the RCM arm is utilized for the
attachment of the ™ and the RMS is utilized for the attachment of the LM.
The RCM arm reach capability is adequate to deploy the TM from the payload
bay and to access both ends of the TH for attachment to the S0C. The RCM
arn is insdequate for the attachment of the LM to the SOC. This ccndition
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Jaa verified by tﬁe 1/48 scale model. Consequently, the 1M berthing task
was asaigned to the RMS.

The orientation shown in Figure 3.9 simplified the TM attachment
operations hut it {s not cptimum for LM attachment operationa. Although
feasible as oriented, the IM attachment operations could be simplified by a
SOC reorientation by means of a DM rotational capability or by an
undocic/redock operation.

Baseline Scenario - Flight No. 7

Payload: Conatruction Facility (CF) :

Procedures for the attachment of the construction facility tc the SCC
were not investigated as part of the SOC asaembly *ask. It is appropriate,
however, to recognize its place in the S0C assembly sequence. Since the CF
is normally berthed to the end port of SM-2 and that port muat nscessarily
be utilized during the ssassembly of S0C, it can be assembled leat without
affecting the operational status of the SOC.

3.2.2 SOC Aasembly - Alternative Scenario No. 1

An important feature of the SOC design is that it will provide dual
access to and permit shirtsleeve transfer between all pressurized
habitability modulesa. One of the elements in this important feature is the
TM. It must be assembled to the SOC before it can be declared habitabdle.
Consequently, tue sooner the TM is attached tec the SOC, the sooner it can be
declared operational. In Alternate Scenario No. 1 the sensitivity of the
S50C assembly sequence to an earlier attachment of the M was investigated.
Compared to the baseline scenario, Alternative Scenario No. 1, advanced the
agsembly of the ™ and IM to Flight 5 rather than Flight 6. By this
sequence, the SOC can be declared operational after Flight 5, i.e., without
awaiting the leunch and assembly of the RCM and the SAM. Consequently,
Flightas 1, 2, 3, 4 and 6 are similar to Flights 1, 2, 3, 4, and 5
rospectively of the baseline scenario and will not be discussed further.
The entire sequence is shown in Table 3.3 and illustrated in Figure 3.10.

Alternative Scenario Nc. 1 = Flight Ne. 5

Payload: IM and T™™
Bquipment: PIDA, RMS, HPA and DM

Since the RCM is unavailable at this time to perform the TM attachment
operations and the RMS reach is inadequate, it was found neceasary to add
another aasembly aid - the holding and positioning aid (HPA). The
attachment operations begin by docking/ berthing the SOC (SM-1 port) to tke
HPA. In this position, the LM and the firat port of the TM are attached to
the SOC. An undocking/ vedocking operation follows to interface the S0C
{S¥-2 Port) to the HPA. In this orientation, the second TM port is atiasched
to the $0C. A second undocking/redocking operation follows to interface the
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TABLE 3.3 SOC ASSEMBLY - ALTEANATIVE SCENARIO 1 BUILDUP SEQUENCE

CORE [GURATION

MODLLE 1 2 3 4 5 6 ?

SERVICE MODULE 1 (S8-1) XX X X X X X
SERVICE MODULE 2 (SH-2) X X X X ¥ X
HABITATION MODULE 1 (HK-1) x | x X X X
HABITATION MODULE 2 (HM-2) X X X X
LOGISTICS MODULE (w X | x X
TUNNEL am X | x X
STAGE ASSEMBLY (SAM) X X
RIS/CONTROL (R/C) X X
X

CONSTRUCTION FACILITY  (CP)

FIGURE 3.10 SOC ASSEMBLY - ALTERNATIVE SCENARIC 1
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S0C to the M. The crevw can, then, trsnafer to the S0C after it is declared
cperational.

The use of a holding and positioning aid is only oune alternative to
circumvent the limited reach capabilities of the RMS. Others that may be
considered are {a) berth the TH to tha DM as the initial step, them pull the
SOC with the RMS and berth it to the TM; (b) the use of a second RMS as a
handling and positioning aid; and {c) resequencing the flights sc that the
RCM will be available to aid in the attachment of the T to the SOC.

3.2.3 S50C Agsembly Alternative Scenaric No. 2

One of the noted options in the assembly of SOC was to advance the
attachment of the RCM to the earliest flight possible in order to utilize
its capability in a major assembly role. Alternative Scenaric No. 2
presents such an option where the RCM was assigned to Flight No. 3.
Consequently, its arm can be utilized for the attachment of HM-1 and HM-2.
In Alternative Ro. 2, Flights 1, 2, 3, and 6 are similar to Flighta 1, 2, 5
and 6, respectively, of the baseline and will no%t be discussed. The
saquence of Alternative Scepario No. 2 is listed in Table 3.4 and
illustrated in Figure 3.1l.

Alternative Scenario No. 2 - Flight Nos. 4 and 5

Payload: HM-2 (Flight No. 4)
HM~} (Flight No. 5)

Equipaent: PIDA, RMS, DM & RCM (both flights)

Mcdel simulastiocns depicted clearly ‘the adequate reach of the RCM arm to
attach both HMs. It is interesting to note that the orbiter docks to SM-l
for both flights in contrast to the baseline where the orbiter needed to
dock at SM=1 and SM-2 to accommodate the EMS reach. Tha habitation module
designated as HM-2 is attached prior to HM-1l. If the ssquence was similar
to the baseline, then, the difficulty of maneuvering HM-2 around an attacned
HM-1 would be introduced. It should be noted that the designation of HM-1
and HM-2, 2nd gimilarly SM=-1 and SM-2, are 30 by definition and does not
indicate functional differences.

3.2.4 Evolutionary Buildup Concepts

The development of the assembly procedures discussed previously was
premised on the acquisition of a fullup SOC as soon as possible.
Alternative Scenaric No. 1 offered an operational capability at tre end of
Flight Bo. 5 rathe> than Flight No. 6 as was the case for the baseline
scenario and Alternative Scenario No. 2. These options are
non-evolutionary. To developr the following two evolutionary aasembly
concepts, design features were added to the SOC to provide a high degree of
mission flexibility. The desirability of such an approach would be further
enhanced by a buildup sequence thet permits the earliest operational
capability and ainimizea SOC front end costs. Toward that end, Evolutionary
Scenarios 1 and 2 are presented.
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TABLE 3.4 SOC ASSEMBL

ORIGHIAL PAGE 18
OF PCOR QUALITY

- ALTERRATIVE SCENARIO 2 BUILDUP SEQUENCE

caaﬂmrgn

MOMULE 1 2 5 4 5 ] 7
SERVICE MODULE 1 (SM-1) X X X X X X X
SERVICE MODULE 2 (SH-2) X X X X X X
STAGE ASSEMBLY (SA) X X X X X
RMS/CONTROL (R/CM} X X X X X
HABITATION MODLLE 2 (H8-2) X X X X
HABITATION MODULE 1 (HM-13 X X X
TUNNEL 4],)) X X
LOGISTICS MODULE (M X X
CONSTRUCTION FACILITY  (CP) X

FIGURE 23.11 SOC ASSEMBLY - ALTERNATIVE SCENARIO 2
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3.2.5 SOC Assembly - Evolutionary Scenario Ro. 1

The duration of ERKC Spacelab missions ars presently limited to the
orbital duration of the orbiter. To extend those miasions, more power and &
larger habitat capacity than those provided by the orbiter are desirable.
As can be seen in the buildup sequence listed in Table 3.5 and illustrated
in Pigure 3.12, Evolutionary 1 concept can provide that extended missicon
capability as a Shuttle-tended base with one service module (SM-1) and one
habitation module (HM-1). The addition of a mission module (MM}, HM-2, TM
and LM can provide a permansent manned base for scientific research. Tne
third phase of this eveclutionary approach adds SM-2, SAM, RCM, and the
construction facility for a fully assembled SOC. The MM is an addition to
the presently planned SOC modules. It is conceived as a special module or
as & Spacelab with an adapter to accommodate the geometry of SOC. Flight 1
and 7 of Evolutionary 1 are the same aa Flightas 1 and § reapectively of the
baseline and will not be discusased.

Evolutionary Scenario No. 1 = Flight No. 2

Payload: HM=-1
Equipment: PIDA, EMS and IM

A Shuttle-tended base can be declared operstionmal at the end of this
flight. The solar array of SM-l provides the needed power capacity and HM-1
provides the needed habitation capacity. All assembly operations are within
the reach capability of the EMS and nothing significantly different
distinrguishes this flight from the oncs previously discussed.

Evolutionary Scenario No. 1 -~ Flight No. 3
Payload: MM
Equipment: RMS and DM

The MM was assumed to have the same envelope as a service module without
its aolar array, i.e., 2.5 (100 inches} by 11.77M {462 inches). The use of
the Spacelab and an adapter inatead of a special MM was investigated as
illustrated in Figure 3.13. It revealed that a aide port on the adapter can
be made compatidle with the subsequent HM-2 attachment and the TM attachment
connecting HM-1 and HM-2. The attachment of the MM (or Spacelab/adapter
combination) does not require any new assembly equipment or require any
unusual maneuvers.

Bvolutionary Scenario No. 1 - FLight No. 4

Payload: HM-2
Equipment: PIDA, RMS and DM
With the PIDA deploying HM-2 from the payload bay to the starboard side

of the bay, the RMS maneuvering requirements are greatly minimized for

3-11
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TASLE 3.5 S5SOC ASSEMBLY - EVOLUTIORARY SCENARIO 1 BUILDUP SEQUERCE

CONF I GURATION
4 | 5

EVOLUTION MODULE | 1 | 2

SHUTTLE | sw-1 | X} X
TEKDED
BASE HM-1 X

b o

PERMANENT HM-2
PANNED ™
BASE
LM

SH-2

SAM

R/CH
CF

> x|
> >

X
X
X
X
X
X

> > X »x M [ > [

FULLY ASSEMBLED SOC

o I > M | x4
> o > M O M M ™ = > |0

PIGURE 3.12 S0C ASSEMBLY - EVOLUTIONARY SCENARIO 1
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HAR ND, 1

FIGURE 3.13 USE OF SPACELAB AS A MISSION MODULE

tranafering HM-2 to i*s berthing port on the MM. As can be seen in
Figure 3.12, the RMS reach is quite adequate to perform that operation.

“Evolutionarv Scenario No. 1 - Flight No. 5

Paylcad: ™ and IM
Equipnent: PIDA, RMS, DM and HPA

The uase of a HPA for this flight ia necessary for the RMS to implement
the TM attachment. The specific crientation selection for the initial
portion of the flight along with the HPA makes the attachment operations of
both ports of the TM within the useful reach of the RMS. This observaetion
also epplies to the secrnd portion of the flight, the sttachment of the LM.
One of the design features that needs to be added to the E0C to capitalize
on an evolutienary huildup sequencs is apparent in this flight. The
relationship of the :wo lMs to each other is not the same as in the fullup
S0C. Consequently, perthing orientations of both HMs relative to the TX sare
different. To overcome this peculiarity, a rotational capadility on onoe TN
port, the one that interfaces with HM=-1, is required.

Since a permarasntly marmned base can be declared operational at the end
of this flight, an undocking/redocking (at the DM) operation is required to
nllow crew *rausfer into the E0C.

L ik el e bn s an F R 1 g e BT W S Sl S L e R B

S



Evolutionary Scenario No. 1 -~ Flight No. 6

Payload: SK-2
Equipment: PIDA, KNS, HPA and DM

A considerable pumber of operations need tc be performed on this flight
and, for that reason, it is complex. Assuning o permanent manned bese
exists prior to this flight, then the initiai operation is to dock the SOC
to the DM and allow the SOC crew to transfer to the orbiter. Safety
precautions will probably dictate that the S0C be unmanned during these
attachmant operations. Consequently, the initial interface port must
provide manned access. If the end port of the MM does not provide that
capability, then docking with the end port of SM-1 would be required.
Subsequently, the SOC needa to be undecked, and redocked at the HPA/MM
interface to perform the various assembly operations. The HPA/MM interface
aleng with the selected orientation will place a series of assembly
operations within the AMS reach capability. In Flight 6A, see Figure 3.12,
the initial assembly operation is to berth SM-2 to SM-1l. Then, subzeguent
to a 90° SOC rotation mansuver by the HPA, the RMS will grapple one end of
the ™ and a command is given to detach both its poris simultaneously frem
the EMas (Flight 6B in Figure 3.12)}. Once the TM detachment is complete, it
needs to be atowed briefly for suybsequent resttachment. A convenient
position for the TM stowage is the DM, (Flight 6C in Figure 3.12).
Simulating that operation with the 1/48 scale model indicated that the RMS
articulation limits will be severely taxed and, similarly, during the
reberthing of tha TM to the S0C. For these reasons, grapple fixture
locations on the TM will play a major role in the acceptability of this
approach.

With the T temporarily stowed, the naext operation is to detach iIM-2/MM
interface with the RMS grappling HM-2, transfer it to its final barthing
interface with SM-2 and perform the berthing. The RMS reach capabilities
are adequate to perform this operation, Figure 3.12, Flight 6D.

It is necessary at this time to reattach the TH to the HMs. Again, the
RMS must grapple the TM, detach it from the DM, tranafer and orient it to
ite new berthing poaition and berth it to the Hé-1 port. t should be noted
that, with the SOC in its present orientation, (Flight 6E Figure 3.12), the
RMS reach to the HM-1 port is marginal and inadequate for the HM-2 port. It
will be necessary to rotate and tilt the S0C on the HPA to bring both HM
ports within a workable reach of the EMS.

Once the TM is berthed to the HMs, an integrated syatems checkout could
be initiated. However, the present oriantation of the SOC will prevent
deployment of SM-2 solar array. Cousequently, a recvrientation on the HPA is
required or ths SOC/orbiter muat be completely undocked in order to allow
the deployment of the solar array. If reorisnted, an undocking/ redocking
to the DM would alsoc be required. Raturn of the MM to earth is optionai.
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3.2.6 SO0C Assembly - Evolutionary Scenario Ro. 2

In generating the buildup sequence of Evolutionary Scerario No. 1, all
missions were sssumed tc be manned. In comparisom, the buildup sequence of
the Evolutionary Scenario No. 2 provides the added flexibility of employing
SM-1 and the MM as an unmanned LEQ platform by exchanging Plights 2 and 3 of
evoluilonary Scenario No. 1. That is, the MM will he the payload in Flight
Z and the HM-1 will be the payload in Flight 3. If the MM is aassumed to be
a Spacelab, the SM-1 will function as a surrogate orbiter payload bay which
provides the necessary services to the Spacelab. With a reviasit capability,
the unmanned LEO platform will be the prelude to a fullup SOC. Flights 1,
4, 5, 6 and 7 of Evolutiomary 2 are similar to Flights 1, 4, 5, & and 7 of
Evolutionary 1, respectively, and will, therefore, not be diascussed.

Flights 2 and 7 and their operations are nol significantly different from
Flight 3 and 2 of Evolutionary Scenario No. 1. The buildup sequence of
Evolutionary Scenario No. 2 i3 listed in Table 3.6 and illustrated in
Figure 3.14.

3.2.7 S0C Assemdly Conciusions

In investigating the indicating 30C assembly scenarics, the major
impacts on the orbiter and SOC designa become apparent. In addition to the
atandard RMS and the payload bay lights, the orbiter must provide the PIDa
apd HPA. These pieces of construction equipment along with fev delta
provisions on the SOC can accommodate 8ll possible buildup scenarios. For
the SM, an interim attitude atabilization capability is required for safe
roevisita. An independent environmental contrc. and life support system
{ECLSS) for each of the habitation modules and . clocking capability on the
TM adapter are also required to accommodate maximum plamning flexibility.
Both orbiter and SOC provisiens are illustrated in Pigure 3.15.

It is interesting to note the significance of the timing of the RCM
installation to the SOC buildup. The RCM with its manipulator arm is a very
feasible tool which can aid effectively in the aassembly of SOC. This
conclusion was verified by the 1/48 scale models. By simulating the SOC
buildup with the 1/48 scale model, a highe~confidence technique is proposed
for the assembly of the SO0C meodules.

3.3 LIGHTING AND TELEVISION FOR SOC ASSEMBLY
3.3.1 Introduction

A significant area of consideration in the accomplishment of SOC
assembly cpere.ions is the support equipment required to assure adequate
vision. Such equipment generally can be categoriged asz lighta, television
cameras, optical asligrment sids and targets. Additional aids may include
sensors, software and guidance systems for final alignment, ranging and
collision avoidance snd wvindows for additionel crew observation and control
stationa. To some degree, procedural and schedule considerations may also
be apprepriate, since there are frequent changes from light to dark and the
reverge during flight =2t low earth orbit. Finelly, there are ccnsiderationas
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TABLE 3.6 SOC ASSEMBLY - EVOLUTIONARY SCENARIO 2 BUILDUP SEQUENCE
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FIGURE 3.14 SOC ASSEMBLY - EVOLUTIONARY SCENARIO 2
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FIGURE >.15 PROVISIONS FOR SOC ASSEMBLY

of S0C and orbiter altitude involving direct sunlight and shadow, as well aa
reflacted light from earth, orbiter and 30C.

Por purposes of the preliminary analyses performed in this atudy,
several 3implifying aasumptions were made, and a generally conservative
approach was taken. However, the overall concern was to keep the system
cost and power requirements within reasonable bounds, and to assure adequate
flexibility to adapt to future needs and posaible relaxations of
rejuirements which cculd simplify the systems and minimize development
coats.

3.3.2 Objectives and Issues for Lighting and TV Analysis

The primary objective of the study was to davelop a councept for the type
of equipment needed and to determine typical locationa of equirment to
aasist the assembly operatinns. The apecific issues of concern incladed
questions of whether and how much equipment should be located on the SOC or
on the orbiter, whether different buildup sequences would lead to
significantly different provisicns, and whether or not the systems developed
for SOC assembly could also be later used in S0C operations.
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plaichian - bk et N i b T S A 205, S AL iyl Kk il




ORIGNEL TACT 1
OF POCR GiitutyY

3+3.3 Function Analysis

Tabie 3.7 osutiines the general functions or types of tasks to be
performed in the left column, and indicates correspondirng subdivisions of
operatiug regime cf particular concern on the right eolumn. These functions
and operating regimes were analyzed for each fligzht of five different
asgembly sequences to determine those aspecta which required unique
solutions and to seek approaches common to all. Muvipment concepts were
then developed which appeared to satisfy all requirements. Examples of the
critical and typical concerns are preaented later.

3+3.4 Assumptions, Requirements and Guidelines

The major initial assumptiorna, requirements and genvral guidelines for
the atudy are listed in Table 3.8 below. These were derived from previous
exparience gained during IR&D studies snd Contract NAS9-15T718 "Systen
2ualysis of Space Construction”, which was recently completed. The majority
of supporting analyses and philosophy were reported in References 2 and 3.
In such studies it was shown that lighting conditions for vision of space
conatruction above the orbiter, during low eerth orbit operations, would bte
generally quite good on the daylight side of orbit. However, there are
possible critical conditions, such as finel alignment and berthing, in which
significant shadowing or excluaion of adequate light could be expected.
Also, it vas noted that the dark side of orbit was sufficiently long, and
occurred often enough, to cemstitute a significant impact on productivity.
Therefore, lighting to support night aide operatiora is generally desirable
to avoid work interruptions, and to minimize contingency problems. With
such & philosophy, the use of daylight is normal for general transport
operations, and the use of lighting is either a "fail-operaticnel" backup or

TABLE 3.7 S50C ASSEMBLY FUNCTIONS REQUIRING LIGHTING
AND TV CONSIDERATIQRS

GENERAL FUNCTTON PHASE OR OPERATION PEGIME

. « ORBITER CARGO BAY « S0C TO ORBITER
GRASP ODULES o TRANSFER—RMS TG R/CM  « MODULE ON SNC

KEAR CARGO BAY » NEAR SOC
TNTERMEDIATE DISTANCES COLLISION AVOIDANCE
ORBITER T0 SOC QRIENTATION

TRANSPORT MODULES

[ ]
*

ALIGN TARGET AND SiGHT CLOSE AND CONTACT

BERTH MODULES TO SOC

« CONTINGENCIES DRING ASsraty | § EVA INSPECTION RN/ REPLACE/
i * RENDEZVOUS o FLIGH
. DOCE GRBITER TO SOT AND e STATIONKEEP * CLOSE AND CONTACT
CAST OFF  CLOSE APPROACH * DEPART
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® normal operational mode, depending on urgency and power/energy
conaiderations. Finally, the depsndence on daylight alone is & backup mode
if the lighting system fails or ia deemed inadequate for night aide
operationas in a particular flight.

The remainder of the assumptions and guidelires relate to cost
minimization and recognition of potential prcblems of excess power demand
from over-generous lignting provisions.  Since one guideline may be in
conflict with another, a decision needs to be made in several cases as to
which will be given greatest weight in making & recommendation.

TABLE 3.8 ASSUMPTIONS, REQUIREMENTS ARD GUIDELINES FOR
SC0C ASSEMBLY. LIGHTIKG AND TELEVISION ANALYSES

ASSUMPT 10RS [RATTONALE & IMPLICATIONS |

» ASSUME NIGHTSIDE OPERATIONS TO BE « DESIRABLE TO ENMANCE PRODUCTIVITY OF
ACCOMMODATED MISSION, PROVIDE FOR CONTINGEHCIES

o ASSUME ATTITUDE OF SOC & ORBITER NOT e MINIMIZE FUEL, STRESSES DUE TO GRAVITY
CONTROLLED FOR OPTIMUM LIGHTING GRADIENTS & RCS FIRINGS, AVOID NORK

INTERRUPT IONS

» ASSUME CREM USES DAYLIGHT FILTERS, DARK * MINIMIZE LIGHTING POWER REAUIREMENTS
GLASSES, & PARTIAL DARK ADAPATATION (MINIMAL EFFECT ON PRELIMINARY ANALYSES)
DURING REST PERIODS

REQUIREMENTS

« PROVIDE ADEQUATE [LLUMINATICH FOR « DESIRABLE FOR CREN OPERATIONS, ACCLRACY,
DIRECT VISION WHERE FEASIBLE PRODUCTIVITY

o PROVIDE ADEQUATE 1LLUMINATICN FOR o TV GIVES GOOD UNDERSTANDING OF CLEARANCES,
TV WHERE DIRECT VISION NOT FEASIBLE ATTITUDES; LOW-LIGHT-LEVEL TV NEEDS LESS
OR ADEQUATE LIGHT THAN HUKAN VISION [N MANY CASES

GUIDELIHES {RATICNALE & IMPLICATIONS ]

o PROVIDE LOCALIZED LIGHT SOURCES RATHER  * MININIZE POWER DEMAND FOR BOTH ORBITER 2
THAN GENERAL FLOOD-LIGHTING SOC; BASED ON PREVIOUS ANALYSES

o UTILIZE SOC POWER FOR LIGHTING WHERE o MINIMIZE ORBITER POWER & ENERGY REQUIRE-
FEASIBLE VENTS, ORBITER PAYLOAD MEIGHT

o MINIMIZE ORBITER DES.GN IMPACTS o MINIMIZE ORBITER TURNAROUND FOR NON-
- MINIMIZE ELECTRICAL WIRING AND DEDICATED ORBITER

CONNECTCRS o MINIMIZE P/L INTEGRATION COSTS & WEIGHT
- MINIMIZE SPECIAL TV & LIGHTING o MINIMIZE WEIGHT, POTENTIAL P/L ENVELOPE
FIXTURES INCURSIONS & INTEGRATION COSTS

« MINIMIZE PENETRATION OF PRESSURE VESSELS  RELIABILITY & CREW SAFETY CONSIDERATICONS

o STANDARDIZE HETHODS & EQUIPMENT WHERE o MINIMIZE COSTS uF TRAINING & NEW SPECIAL

FEASIBLE ERUIPMENT DESIGN & INVENTORY
o PROVIDE [NDIRECT DIFFUSE LIGHT * A¥0]D GLARE AHD TV "BLOQMING,*
GAIN SETTING PROZLEMS
3-25
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3.3.5 Anelyais

The lighting and television analysis was primarily based on review cf
the geometry of the orbiter and 3S0C components at the critical stage of
final alignment and berthing, as described in Section 3.2. Each flight was
revieved for each of five build sequences. Similarities and differences
vwere noted, and requirements for typical and unique situations were
identified. Among the driver activities were the following:

1. Initial module setup and checkout--befthing S0C module to
orbiter docking port using RMS.

2+ Initisl rendezvous and docking of orbiter to SOC module and
considerations for future docking.

B Initia) module-to-module berthing, using orbiter RMS (clcse to
cargo bay).

4. Module-to-module berthing using the RMS, at considerable
distance from the orbiter.

5. RCM used for module-to-module berthing.

6, Use of Handling and Positioning Aid (HPA) to hold a specified
relationship between orbiter and SOC.

In addition, certain differences were noted in module configuration (one
berthing port or two, ss in the Tunnel Module, and the requirement for
multiple reuse, as for the Logiatics Module. Each of these distinct
differences potentially introduced a new factor for consideration in the
lighting and television requirements. However, potential methods for
handling one problem also were found useful in handling others, and were
considered as candidate methods until the full analysis was completed.

Then, the totslity of options was reviewed and selections mede in accordarce
with the guidelines described in Section 3.3.4.

A small number of examples are discussed herein to illuatrate scme of
the important considerations and to show recommended methods for dealing
with them. The first example used here involves Flight No. 3 of the
baseline assembly sequence, shown in Figure 3.16.

A significantly illustrated point is that the extended docking module,
located just aft of the crew cabin, blocks off most of the light from the
standard fixed lamp between the aft facing windows. Furthermore, it also
obatructs much of the crew's vision inte the carge bay and above it.
Therefore, some replacement capability is required to see the process of
transporting the habitability module from the cargo bay up to its designated
port for berthing on the S0C. Figure 3.17 illustrates a proposed method.
Two movable TV cameras and associated lights are mounted on the aft,
exterior sides of the upper portion of the Docking Module to supplement the
obstructed standard lighting and vision. The standard TV camera location on

3-26
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the forward bulkhead is not used aince it could have only limited aft/upward
vision. PFigure 3.17 alaso recommands a method for alignment of the firat SOC
module to the Docking Module, comnsisting of a TV camera and lights inside
the docking port. This approach was selected as most compatible with the
standard RMS manipulator centrol atation operation (which has no crewman
optical alignment sight suitablie for use with an exte.nal target}). The sana
approach is recommended for berthing the module HM-1 (and severzl other
modules) to the SOC, since direct vision from the orbiter upper windows and
light from the top of the orbiter cabin are both obacured by the previousaly
assembled portions of the SOC docked to the orbiter. Vision of the final
berthing activity is also limited from the TV camera on the aft bulkhead of
the cargo bay. While the RMS elbow camera could 2id in determining range
for the berthing operation, it cannot do well as an alignment aid.

Figure 3.2 furiher illustrates the basic concept for this kit, which
involves a TV camerz and a set of lights on tho SOC port (or orbiter port)
and a target on the upcoming module port. This system assures adequate
1ight at all times, even as the ports and drawn together for final latchup.

Initial conception of this approach was accomplished in connection with
a layout drawing atudy to develop assembly alignment aids. The results,

“shown in Drawing 42690-009, illustrate a berthing port conmcept incorporating

a TV camers on one porst and an indirectly-illuminated target or the matirg
port. However, this concept would require supplying power to both ports,
directly (by hard line) or by use of batteries and switching functiona
operated by hard line on R7. Figure 3.2 features a concept in which both
active elemoents {lights and TV camera) are on just one port while the other
contains only the passive target. This concept also aids the TV camera
vigion by illuminating a larger area of the mcdule approaching it, probably
from a greater distance away.

Careful consideration was given to which side of the berthing port
ahould contain the active or the passive elements. It was concluded that
the active elements (TV and lights} snould be on the side of the
slready-asaembled SOC in evary case. Thias assures capability of hard line
connections from activated vehicle elements and is believed to be compatible
with other crew control display relationships as obtained from remotely
located TV {and outside window viewing where possible). Tests performed on
the Manipulator Development Faciiity at JSC seem to confirm that this
concept can be used by trained operators.

Figure 3.16 also indicates proposed methods for aiding rendezvous,
station keeping, approach and docking of the orbiter to the SOC. To serve
as a clear indication of do:cking port locations, four small, colored marker
lights are recommended, such that the docking port location can be observed
from any reasonable approach direction. In addition, low-wattage marker
lights at major extremities of the assembled SOC are alsc recommended, to
aid in collision svoidance. For final alignment and docking, it is
recommended that the standard crew optical alignment sight and exterior
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B/Le HM-1
{DRIVER CASE FOR
EQUIPMENT: RMS, PIDA AND DM MODULE BERTH: T G

*TV AND LTS FILT AND PAN ON RMS
DESIRABLE, BUT REQUIRES STANDOFF
BERTHING TARGET

SBERTHING INTERFACE LTG
AND TV REQ'D

®RMS RELOC ON INTERFACE
IS OPTION

® DOCKING TARGET,
ORBITER STO
LIGHTING

LIG AND TV
REQUIRED

HLUM FOR
THIS FLIGHD
SM-1

(OPTIONAL sm-z——'L 4

DOCKING s ¥
TARGET T2
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STANDARD
DOCKING LIGHT TV OPTION (PCOR’

FIGURE 3.16 LIGHTING AND TV CONSIDERATIONS FOR BASELINE PLIGHT 3

STANDARD CARGC BAY
AFTFACING LIGHT
(BLOCKED BY DM)

TV CAMERA AND LIGHTS {2}

O~ PORT FOR FLIGHT 1

MCODULE SETUP (FIXEDY
{COMPATIELE WITH RMS OPER'N)

DATA/CONTROL o
CONNECTOR PANELS e

T L TV CAMERA'S AND LIGHTS
: OUTSIDE OF DOCKING
MODULE, FIXED PORTHON
{TILT AND PAid CAPABILITY)

o REPLACES FWD BULKHEAD
TV WHICH IS BLOCKED 8Y
DOCKING MODULE

» SUPPLEMENTS FOR
AFT FACING LIGHT ON

SUPRORT FWD BULKHEAD WHICH IS
STRUCTURE SLOCKED 8Y DOCKING
MODULE
STANDARD TV CAMERA LOCATION
(TILT AND PAN CAPABILITY) o IMPROVED LIGHTING
{REMOVABLE) FOR TRANSPORT OF
MODULES

FIGURE 3,17 LIGHTING AND TV RECOMMENDED FCR DOCKING MOTULE
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docking light be used with externally mounted targets on the SOC. This
concapt is compatible with the standard orbiter aft flight deck control anu
display layout concept. As sn alternative procedure (not recommended in
this atudy) it may be found desirable to use the orbiter RMS tc barth the
orbiter to the SCC. In this ceae, the aforementioned internal TV camera and
target concept can Pe used by the manipulator operator.

Another concern of lighting for S0C asssembly is the avoidance of
collisions between movirg modules and the SOC or the orbiter (especially the
tail} during transport from cargo bay to S0C berthing. To aid this groas
tranaport phase it appears that some additional, steersble lighting is
required near the cargo bay upper surfaces and considerably further aft than
the docking module. A natural location for such lighting appears to be the
aft bulkhead. A lamp on the elbow of the RMS wrist could alsc he
beneficial, but is judged as more difficult to stow and integrate withk the
orbiter. Another alternative would be to mount such lamp or lamps on PIDA
arms, which may be required to handle the large SOC modules. Lights mountel
on the cuter edges of the paylcad bay doors or sill cculd also be utilized
if space can be found which does not interfere with payload envelope space
or the door latches. Another posaible aid could be lights mounted on the
airlock surfaces so as to illuminate the berthing porte for modules HM-1 and
HM-2. These would have some potential value for future EVA operations.
However, since lamps within the ring of the berthing port seem to be the
most generally usable, standard concept for most SOC assembly berthing
operations, the use of other externally mounted lights on the SOC was not
recommended for this study.

Another strongly considered mlternative was providing a tilt and pan
capability for the RMS wrist TV camera and light. Such lighting and vision
capability could be useful in the transport phase and could be used in some
cases for final alignment and closure guidance during berthing. However, it
would pose a requirement for several different types of mountings for
external targets (often with quite large support structures) on the SOC and
could significantly restrict options for location of grapple points on the
S0C modules. For example, it would tend to atrongly favor grapple fixtures
located close to the berthing port. Such a requirement could make reach and
clearance for the RMS arm more difficult, and possibly could cause
difficulties from having a greater distance of the module center of mass
from the point of handling. On the other hand, grappling near the berthing
port could improve accuracy of the berthing control by reducing concerns
from effects of small angular erzors when holding long modules near their
center (such as shown in Figure 3.16). While tilt and pan capability of the
orbiter RMS wrist camera and 1light are considered desirable, this capability
does not appear essentiasl at this time to accomplish the S50C assembly.
Therefore, it is not included among the final recommendations.
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Flight 5 of the baseline sequence provides another example of major
lighting and television concerns, primarily those dealing with the RM3
Control Module (RCM). Xey concerns are illuatrated in Figure 3.18. This
nethod of handling modules is used at distances where the RMS cannot reach,
and concurrently the orbiter lights will tend to be relatively inerfective.
Therefore, it is recommended that steerable lights be attached to the
extarior of the RCM cabin, as well as the elbow and the wrist of tha
manipulator. Also, steerable TV cameras at the manipulation wrist and elbow
are recommended for the RCM manipulator. Note that the berthing pecrt TV
camera in the concept previocusly described should be transmitting scenes to
the RCM operator when this crew member is handling modules.

The use of a handling and positioning aid (HPA) is considered in some of
the SOC assembly sequences studied {Figure 3.19). Such an aid, if used,
should have a TV camera and light system on its interface with the S0C
docking/berthing port, so as to assure accurate, safe final aligmment when
dealing with the large masses of the orbiter and SOC. Theae cases would
again require use of a berthing target on the SOC port to which the HPA is
attached (usually the docking port). Ir general, the use of the HPA did not
appear to significantly change other needs for accurate vision and lighting
of the critical herthing port interfaces. Some minor improvements and
options in vision/ lighting equipment were noted on specific flights, but
the foregoing major reccmmendaticns appeared valid for moat cases.

Table 3.9 providea a summary of lighting and TV recommendaticns,
according to location on the SOC. Table 3.10 is a similar summary for the
orbiter and its equipment (DM, HPA). It was coneluded that only minor
changes are required in the standard orbiter payload provisions, and most of
these are involved with removable devices. In.fact, the final detail
designs. for the docking medule are yet to be engineered, and such items as
the HPA are only in preliminary study stages.

Table 3.11 provides a summary of types of hardware recommended for
development for SOC assembly (and later use). The number of different itema
is relatively small, since similar devices can he used in mam places, both
in the orbiter and the SOC. In fact, the basic elements as indicated
probably require no new technology development.

However, some conaideration should be given to optimizing light levels
and wavelengths for the berthing port and target concept, so as to minimize
glare and unwanted reflections. Optiona include use of a mix of ultravioclet
light and visible light with florescent target surfaces. Another
possibility is use of reflective tape on the target, and reduced light
levels. Decisions as to which method to be used would be based upon mockup
evaluations and simulations. The result could influence some technology
review and adaptation activity.

In addition to the geometric analyses, an estimate of peak power
requirements was performed for the SOC and orbiter. The results are given
in Table 3.12 below for a nearly completed SOC buildup, which includes
installetion of a constriction fixture module, but not a service facility.
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TABLE 3.9 SUMMARY - LIGHTING AND TV RECOMMENDATIONS
(BY LOCATION) FOR THE S0C

PROVISIONS RECOMMENDED
LOCATION BASELINE ALT. 1 ALT. 2 | oEvOL. 1 EvOL. 2 SUARY

SM-1/LM BERTH PORT  { XIT | LIKE B/L [ LIXE B/L | LIXE B/L { LIKE 8/L | LIKE BASELINE (6/L)
HM-1/TM OR HM-2/THM | R/CH RANIP] RMS WA. LIKE 8/L | LIKE LIXE DEPENDS ON BUILD PLAN.
BERTHING PORT WRIST T¥& F TV & LT ALT. 1 AT KIT 1 RECOMMENDED
{FIRST ATTACHMENT) LT (18P). | (T8P),

ELBOM § | ELBOW &

awr, v | aux. Ty

(0R k1T 1)} (0R k17 1}
SAME AS ABOVE HONE KIT kit 1 KIT 1 KIT | KET 1 RECOMMENDED
{SECOND ATTACHMENT) DESIRED | DESIRED | OESIRED | DESIRED
HPA/SM-1 OR SM-2 /A KIT WA KIT 1 KIT 1 KIT 1 (IF HPA)
(50¢ $10€) (TARGET) (TARGET) | {TARGET}
SM-1/5AM Rron Tv e ok egt futke an | Lixe /1 YUk g | Uik st
BERTHING PORT LTS {OR

KIT 1)
SM-1/M BEATH PORT | W/A w7A NA K11 KT KIT 3
SM-1 DOCKING PORTS | 6-MARKER J LIXKE g/t ) LIRE B/t ) LOkE /L ) Like st | ok 8oL -
& EXTREMITIES LTS

10-MARKER

LTS
$M-2 DOCKING PORT B-MARKER & | LIXE B/t | LIKE B/L | LIxE ssu | uice B/L | LIkE anL
& EXTEMITIES 10-MARKERt

LTS
A CATREMITIES 13 13 i3 b3 11 11
WARKER LTS
SM-1/HM-1 z s, L1ke 870 | sOT meqso | Like soL | ke sL | Like 8L
BERTHING PORT FIXED
. TV FIXED

(KIT 1)
SM-2/HM-2 xIT 1) vike 871 | oEStRED | LIkE 8L | LivE B/L | LIKE BAL
RERTH PQRT (RS 0PT) | (Rws oOPT)
SH-2/RC/M RMS, WR. LIKE 8/t | LIKE B/L | LIKE b/L | LIKE B/L | ams wR. Tap (OR KIT)
BERTHING PORT TAP QR KIT

(0PT)
R/CHM CABIR & 1LTs, UIXE B/t | LIRE B/ | LIvg B/t | LIKE B/L | LIKE 8L
EXTERLOR TILT & PAN
R/CH MANIP. 1-LT TePAN( LIXE ByL | LIXKE B/L [ LIkE B/L | LIKE B/L | LIXKE BAL
MR[ST 1-TY TLPAN .
RICH MANIP erraeen) ke BaL foLikg et | LIkE s/ | LixE BsL | LIxE BAL
£LBOW 1-TY T 4 PAN
CONSTR. FLATURES It KIT 1 KIT 1 1T 1 KIT Y KIT
SM-2 BERTH PORT
FLIGHT SUPPORT - :
TRLILETE } IkOT ANALYIET
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TABLE 3,10 SUMMARY - LIGHTING AND TV RECOMMERDATIORS
(BY LOCATION) FOR THE ORBITER

PROVISTONS RECOMMENDED
LOCATION | BASELINE | AT 1 | at.2 [ Evol.l | EvoL. 2 | suwary
DM QUTSIDE  {2-LTS, LIKE B/L | LIKE B/L | LIXE B/L | LIKE B/L | LIKE BAL
TILT & PAN
2-TV,
TILT & PAN
Ot PORT 2-UTS, PO | LIE B/L | LIKE B/L | LIKE B/L | LIKE B/L | LIKE B/L
. 1-TV, FXD
KIT 1)
AFT BULKKEAD {1-LT, TILT | LIE B/L | LIKE 3/t | UIKE B/L | UIKE B/L |} LIKE B/L
OF CARGO BAY |2 PAK
HPA/SM-1  |nsa KIT 1 N/A KIT 1 KIT 1 KIT 1
OR SH-2 LTS/TV us/mv | usve | LSy
(REF.) (IF USED
TABLE 3.11 SUMMARY OF LIGHTING AND TV INSTALLATION FOR SOC ASSEMBLY
RUMBER OF PROVISIONS AECOMMENDED
TYPE OF INSTALLATION  |BaSELinE | ALT. 1 | mT. 2 | pvor. 18 evor. 20 max,
S0c_]
* BERTHING PORT
- TV 2 2 LIGHTS (SED) 4-8* 4-g0 | 25° | 590 | 590 g*
- TARGETS (ALONE) 2 2 1 2 2 2
* R/CH CABIN LAYPS (T2P) 4 4 4 4 4 4
* R/CH MANIPULATOR
~ WRIST LT & TV (T3P, 1 1 1 1 1 1
- ELBON LT & TV (TaP) 1 1 1 1 1 1
* MARKER LIGHTS AT
EXTRENITIES (COLORED) 45 us 45 45 45 45
ORBITER]
» ORBITER BOCKING MODULE
- EXTERIOR LT & TV (T¢P) 2 2 2 2 2 2
- DOCK PORT LT & TV (KID) | 1 1 1 1 1 1
o RMS WRIST TV & LT (TeP) 1 1 JHOT ESSEN.)
* AFT BULKWEAD LT (T2P) 1 1 ! 1 1 1
* HPA LT & TV (KID) 1 1 (IF_USED)

*SOME REUSABLE
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Table 3.12°

Estimated Peak Power Requirements for SOC Assembly Operations

Buildup Concept

Vehicle Baseline Alternative 1 (HPA)
80C 6.6 kW 6.6 kW
Orbiter 4.5 kW 6.1 kW

These results indicate the orbiter power demend for the orbiter's
payload operationms (which include RMS power and heat, all cargo bay lights
and TV cameras) is less than the 7 kW marimum continuous power supply
capability. Since the average power demand will be lower, and the total
assembly operation time is probably relatively short (3-6 hours}, the
baseline payload-dedicated energy supply of 50 kWh will prodadbly not be
excesaded. ;

In the above power analysis it was assumed the 30C would supply its own
needed power from a partially depleyed solar array and batteries, after the
first service module was placed on orbit. SOC "housekeaping” power demands
were not included.

%.3.6 Lighting and Television Analysis Conclusions and Recommendations

It wea concluded that only minimal impucts to the orbiter result from
lighting and television requirements for SGC assembly. These impacts are no
worse than the expected changes to wiring, connections, and brackets which
could be expected in integration of other satellites or sortie experiments,
and could include either readily-removable, clamp-on devices or permanently
installed provisions for a steerable (tilt and pan) light on the aft
bulkhead of the cargu bay {or other nearby site, such as the sill) and
wiring to comnect the docking module (and possibly HrA) TV cameras and
lights to the aft cabin TV screens sud switching controls.

The recommerded SOC lighting provisions would also represent a partial
list of the total S0C requirements for cperaticnal use. Some of the
recommended TV cameras and lighta for berthing ports could be removable and
reusable once the modules are installed. The power demand is considered
acceptable for the assembly phase of SOC lifetime, and lighting does not
appear to be & major driver among total ©°C -ystems requirements.
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The reader is referred to tha summary outline in Sectiﬂn 3.1 for an
illustration of the overall lighting, te;evision and target recommendations
(Figure 3.3).

3.4 CONTROL IMPLICATIOKRS DURING UNTENDED OPERATICONS

Another important Shuttle-related guestion for SCC assembly relates to
the capability of the SOC to provide a safe and stabilized target properly
oriented for corbiter revisit and docking. Of principal coucern here, 1ia
whether the control system elements sized for the full up SOC configuration
can satisfy the widely varying configuration arrangements and partial system
availabilities inherent in the modular delivery and buildup of the large SOC
gyatem. Early use of S0C configurations comprised of fewer modules in
differeat arrangements to perform Shuttle tended space constr ..tion
operations and/or OTV flight support operations could introduce requirements
levels for the partial system which exceed those in a direct buildup plan.
This is particularly true for casea where only one service module and its
asymmetrical solar array arrangement are used in conjuncticn with other
modules and equipment to perform early space coperatioms. In the direct
buildup case SOC based support operations would not commence until the
complete SOC configuration was assembled. This could allow less desmanding
stabilization and control requirements to be imposed during the part1al
assembly phases.

Thus, Shuttle interactions with SOC attitudz control during untended
operations were briefly examined. The assumed system requirements,
configuration and mass property variations and cont*ol system sizing
" anglyses are presented in the following text. .

3.4.1 Assumed System Requirements

The requirements used in analyzing the SOC dynamic - and control
characteristics, and in synthesizing the guidance, pa..gation, and control
{GN&C) systems necessary for Shuttle interfacing, are Aas follows:

1. The SOC angular rates during docking must be below those
specified in the preliminary docking contact conditions (0.6
deg/sec).

2. During docking and sasembly operations the SOC will be
reqrired to maintein attitude within +0.5 degrees; however,
for most other requirements a +5 degree attitude deadband will
be sufficient since there are no precise peointing requirements
imposed by space construction and flight support operations.

3. Tost-docking disturbances will be damped by S50C, and attitude
control of the S0C-orbiter combination will be performed by
S0C durin; an orbiter visit. The orbiter control system will
be inactivated.
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4. Momentum dumping (CMG desaturation) will be performed by the
SQ0C RCS in such a manner as to simultaneously generate orbit
makeup impulse as much as is practiczal.

5. The SOC RCS will have three-axis angular conircl and +X
translational thruating capability, with thruster and
propellant feed systam redundancy in all functiona.

6. The SOC solar vanels will have two-axis gimbals for efficient
solar viewing.

In sddition, there ure seversl “sofi" requirements, or prefarences, as
follows:

1. The SOC will be located in circular 350 + 57 KM orbits at 28.5
degree inclination.

2, The orbiter will normally dock by approaching along the S0C
veloc):ity vector (orbiter -Z axia aligned with the SOC +X
axis).

3. RCS moment couples will be used in attitude con‘rol where
pessible to reduce iznteraxis coupling propellant losases (this
applies primarily to roll attitude control, but should be
available in the pitch and yaw axes).

3.4.2 Buildup Sequence and Configuration Options

The S0C basic elements and representative us.s systems (OTV, etc) are
pictured in Figure 3.20. They are listed from top to bottom in essentially
the order prescribed for the direct buildup sequence. An alternate
evolutionary buiidup sequence used in the study differs ir a number of
aspects; for exapple, it employs a logistics module after the service Module
1 has been deployed. Alsc, an alternate orbiter docking mode was briefly
investigated to permit a more aerodynamically-balanced service
module-orbiter configuration.

Both orbiter and SOC axis systems are defined in Figure 3.21. The
reiationship shown in the figure is indicative of the primary docking
orientation of the orbiter to the S0C, referred to as "Orbiter A".

Specific configurations for the various SOC buildup stages covering an
erample evolutiorary build plan as well as the direct buildup case are
identified in Figure 3.22. Whi_e the direct sequence reachers full 50C
capability in fewer assembly stages, the evolutionary sequence permits
utilization of the first service module as a shuttle-tended platform for an
extended period of time. If this evolutionary sequence is used, the
alternate orientation described as "Orbiter B" should be considered, since
it can potentially reduce aercdynamic disturbances.
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SERVICE MODULE 1 (St 1) - - — —cfiop
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SERVICE MODULE 2{SM 2) — —~ — — -cOonafs ;

HABITABILITY MODULE I (HM L - - — — — — -

HABITABILITY MODULE 2tHM 2} - - - = - = = - - = =~ &

REMUTE CAB MANIPULATOR {RCM)
STAGE ASSEMBLY MODULE (SAM)

LOGISTICS MODULE (LMI& TUNNEL - = = - = — = = = = = — = -

CONSTRUCTION FACILITY (CF} = = = = == — — = — = - ﬁnf
CONSTRUCTION PROJECT (CPj - - = = — = -m

FIGURE 3.21 ORBITEZR AND SOC AXIS SYSTEMS
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EVOLUTIONARY (INCL 31-38) ————————ofeDIRECT (INCL 1,3, 4, 31-38)-] .
CASE{1 2 3 456 789 RCURBUBLWITHIPNNDNUNIBBHT AL { J
SERVICEMODULE T X X X X X X X X X X X X X X X X X X X X X X X %X X X X X X X {
LERVICE MODULE 2 X XXX XXX XXX X XXX XXX i
HAD MODULE | XXX XXX XXXXEXX XX XXXXX XXX
HAS MODULE 2 XX x X XXX XXX :
RMS/COMNTROL xx X X X XXX
STAGE ASSEMMY XX X X X XXX
TUNNEL MODULE XXX X x
LOGHTICS MODULE X XX XXXX XX XX XX X x !
CONST FACILITY 1
CONST PROJECT
otV
ORMTER A xHxxxxx:xxxxxx i
ORMSER § % x X % :
——— —— — L  _——
4 CASE [3132 33 3425 34 27 32 :
SOLAR ARRAY E
STOWED | SMi XX X X X % X% X
SOLAR ARRAY M2 XX X XX X XX 1
senoveo | HME XXX XXX XX N
HM2 XX X XXX XX M
&/CMm XX X XXX XX Py
! SAM XX X XXX XX H
RBITER-SOC f“‘! i
2I.IANGEMENI’A :: XX X X XX XX
Y H10Y, XX X XXX XX
sec ORBITER pa X X X XX :
[ — S X xx ‘
b
ORBITER-5OC . XX XX -
ARRAMGEMENT B Ysoc 4 ¥ Xopuier OKGHERA | x X  x X
FIGURE 3.22 SOC CONFIGURATIONS OITIONS MATRIX
U
TABLE 3.13% MASS PROPERTIES FOR SCC BUILDUP CONFIGURATION
" 9 N y _ETd
g WEIGHT CLINIER OF GRAVITY (FT) — MOMENT OF INERTIA (SLUG-ETL)
3l aw X ¥ z x| lyy 22 Ixy vz 1zx
Q |
Lo
Pl a7 | s23.00 % b w130 | s 2m351s | 2.498,308] 22,109 -e07M | +15,09 P
7| 84,38 | +28.5 v Poendo | sea,870) 1,000,902 1 4,504,580 | » 14800 o °
— g ama c ¢ R
af 122,002 | +235.08 v 3.5 a,m,m; 1,710,900 [ 4,815,180 ) « 149,478 [ - e, 140 9
4] 160,078 * 3.5 -‘ 1] * 12,30 8,514,602 | 2,199,430 | 4,000,284 | « 1o9, 473 a Q . 1

— s

31 180,174 LN -1.61 | s.0.98 8,713,029 | 2,414,697 | 1,050,029 | + 289, 99) + 94, 800 + 10, 800

4| 166,004 * 38,75 - 1.3% + 1.9 7,004,983 1 2,703,438 | 7,077,0i9 ] + 270,504 | « 110,59 | + 110,549

— vt v br—— - —— = = — ——r—r—

7| 204,420 | +30.84 142 +7.19 | 9,078,380 ;4,770,734 | 7,085,751 + 269,508 | + 84,725 | ¢ 148,548
et amgem = - —_ T
s8] M7 | e AL YW, 9,359,620 ¢ 5,499,368 | 7,448,329 « 420,950 | - 252,986 | ~ 105, 98
[ b o ———— - - .- - b —— e — i
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3.4.3 Masa Properties Development

Mass properties data wers generated for many of the cases identified.
Tha basic information was drawn from the JSC-supplied data given in
Table 3.13 snd Pigure 3.23. (Note that the configuration numbera do not
match tha case numbers used elsewhere in this section.) In sdditisn, the

following "orbiter A" mass propertiea were used:

ENGLISH UNITS

METRIC UNITS

Yeight W - 175718 1b
CG in S0C axesa X - - 8.33 £t
Y L] 0
Z - - 39058 ft
Moments and Products IIX = 805,000 slug-ft?
of Inertia in Qrbiter
axos, about orbiter CG IYY - 6,112,000 slug-ftz
1,, = 6,377,000  slug-ft?
IK! - -6,000 slug-ft?
Iy, = 242,000 slug-ft?
IYZ = =20,000 slug-ft2

79704 kg
- 2.54 M

0
=12.06 M

1,001,419  kg-M?
8,236,650  kg-M?
8,645,937  kg-M?
-8,135  kg-M?
328,104  kg-M?

-27,116 kg-M2

The actual mess properties caleculations were performed using one
function of HASTRAN, a computer program widely employed in structural

dynamics analyses.
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CONFIGURATION
4 5 &

X
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x

SERVICE MODULE 1 X X

SERVICE MODULE 2 X

X Ix 1x jw

HABITATION MODULE )

X | x X
XIx|x

HABTATION MODULE 2

M x| x| X
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> x| x| x| x

» | x

AR AR AE AR AR A ES L

STAGE ASSEMMLY

b3

RMS/CONTROL X

W o[> g x pX o Ix|x]IX]|X]|o

CONSTRUCTION FACILITY |

FIGURE 3.23 S0OC BUILDUP SEQUENCE

Table 3.14 lists the mass praperties for selected SOC bhuildup
configurations. Cases 1, 4, 29 and 30 were used to determine the spreal of
monmentum control requirements betweon partial and full up SOC
configurations.

3.4.4 Control Modea Selection

Both the method and the degree tc which the SOC is controlled in
attitude depends on the buildup scenaric -~ direct, or evoluticnary. In
either case the control requirements for S0C during orbiter docking are the
same; however, the method of implementing the requirements depends on the
system hardware used in both docking and free flight operatiom.

Control of the SOC attitude appears to be feamible by use of large
CMGs. Two existing double-gimballed CMG designs are the Bendix Skylab
model, at 2300 ft-lb-sec (3100 N-M-sec), and the Sperry Model 4500, at
4500 ft-lb-gec (6100 K-M-aec). Both of these were considersd valid
candidates early in the study; however, when the momentum magnitudes that
could potentially be encountered by SOC were determined, a somewhat larger
component appeared to be needed. Since the Sperry design is a later
technology thar that of the Skylab, the new design waa poatulated as an
improved Sperry design that could deliver up to 10,000 ft-lb-sec
(13,500 F-K-sec) with a waight of 800 1b (360 Kg), up from 650 1b (293 Kg),
and an average electrical power of 125 watts {no change from previcus
design). By using advanced materials technology and an optimized rotor
shape the rotor aspeed may be incressed, thus the slze of the improved CMG is
essentially the same as the present Model 4500.
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TABLE 3.14 MASS PROPERTIES FOR SELECTED CONFIGURATION3

ORIGINAL PAGE IS
OF POOR QUALITY

CASE
MASS PARAMETER 4 1 29 30
WEIGHT (LB 42 174 217,898 223,619 399,337
MASS (§LUG) 1310.8 6772.5 6950.3 12,411.8
CENTER OF GRAVITY (FT)
X 23.60 -2.15 38.28 17.77
Y -18.79 -3.64 0.20 0.11
Z 1.30 -31.67 L.77 -14.75
MOMENTS OF INERTIA
(SLUG-FT?)
I xx 2,358,918 | 10,875,070 9,849,321 22,240,950
lyy 253,916 9,210,563 | 5,491,327 24,261,450
122 2,498 368 | 4,754,129 | 7,445,907 14,894 630
Ixy -292,18% | =340,095 1,609,025 1,638,761
Ixz 15,3398 1,606,598 | -105,600 6,457,639
Iyz -60,726 -757,388 -186,395 -1656,005
PRINCIPAL MOMENTS OF
INERTIA (SLUG-FT?)
I xx 2,393,551 | 11,394,370 10,387,570 26,733,720
lyy 212,634 9,174,5€8 | 4,953,299 | 23,596,310
lzz 2,505,016 | 4,270,826 | 7,445,684 11,067,000
PRINCIPAL AXIS OFFSET
ANGLES (DEGREES)
By -1.491 4.193 -3.318 19.381
a3 212,434 14,701 -3.090 2k 452
6, 7.421 14.010 -18.304 -32.080
CASES: &4 = SERVICE MODULE ALONE

I
29
30

SERVICE MODULE WITH ORBITER DOCKING IN A" QRIENTATION
COMPLETED SOC ALONE
COMPLETED SOC WITH ORBITER DOCKED N ''A' ORIENTATION

NOTE: PRINCIPAL AXI1S OFFSET ANGLES COMPUTED USING XYZ ROTATICN SEQUENCE
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The SOC orientations discussed in this section are best described in
terma of the orbit plane. An axis of the SOC which ia perpendicular to the
orbit plane is referred to as "POP" such as X-POP or Y-POP, ete. The
orientation may be further limited by indicating an axis which iz vertically
oriented if the SOC is flying in an earth-centered attitude {locsl
vertical). Thus, Y-POP, ZLV indicates that the SOC is flying with its Y
axis perpendicular to the orbit plane, its Z axis pointed vertically, and
its X axis along the velccity vector throughout am orbit. An inertially
fixed flight mode may be referred to as Y-PQOP-inertial, indiecating that the
X and Z axes remain fixed in apace during each orbit revolution.

The analytic approach used in determining the SOC control mode is shown
in Figure 3.24. In the direct buildup sequence, the first service module
delivered to orbit merely waita for the orbiter to return, and can be
oriented to use mipimum control. Since no payloads ares abosard, the system
nay be powersd down and the solar array gimbals locked if desired. A
predetermined balance between gravity gradient and aerodynamic disturbance
torques may be maintained during this quiesacent period using the capability
of only a small momentum control system. The orbiter may either dock to the
spacecraft while it is in this skewed orientation or the S0C wmay temporarily
reorient with it3 X-axis along the velocity vector using its CMGs or the
RCS. This is indicated in the upper left of the figure.

DIRECT BUILOUP

SMINIMUM MOMENTUM CONTROL
CAPABILITY 2800 FT-LB-SEC
SFIXED PAMEL POSIT.CN PERMITS
=GRAV GRAL/AERC TORGQUE RALANCE
=MIN PRODUCTS OF INERTIA TO CONTROL
=NEARLY HORIZ ORBITER DOCKING
®] - 2 SKYLAB TMG"s

OPERATIONAL
SQC

—
| ORBITAL

EVOLUTIONARY BUILDUP
[V . SOC ] VELOCITY

BMIN/MAX MOMENTUM CONTROL
MAL  CAPABILITY: 10000,/80000 FT-LE-SEC
= 4500 FT-LB-SEC ORBIT MOMENTUM
= 3500 FT-LB-SEC GIMBAL REACTION
- 0/70000 FT-LB-SEC AERQ MCMENTUM
#Y-POP, 2LV OR Y-FOP INERTLAL
®PANEL FOLLOWS SUN
® 535 SKYLAB CMGH
3-T8 SPERRY CMG's

& MOMENTUM CONTROL
CAPABILITY 100000 FY-LB-SEC

ORBIT ® 40 SKYLAB CMG"s f+ 2300 FT-LB=SEC EACH
NORMAL ‘ -0R -
— (O] 20 SPERRY CMG"1“w 4500 FT-£B-SEC EACH

10 NEW CMG*s @ 10,000 FT-L3-5EC EACH

FIGURE 3.24 ATTITUDE CONTRQJ, SYSTEM BUILDUP - EVOLUTIONARY VS DIRECT
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In the evolutionary buildup sequence the first service module will be ;
capable of supporting payloaa:, and thus must orient to provide prsplanned 3 ;
aolar array motion. Y-PCP, ZLV, or Y-POP inertial are the simplest
attitudes to analyze, but amall offsetas from this orientation to reduce
disturtances are also apporpriate. Large offsets may shade the solar panel.

It is therefore clear that greater control capacity could be required
for the avolutionary buildup zases than for direct buildup. The control
capacity for the evolutionary buildup case has heen estimated conservatively
in the lower left of the figure. Gravity gradient momentum is estimated to
be approximately in the range of the orbit momentum. Solar array motion
generates gimbal reactions from gyroscopic and frictien torgques, which
contributes a second component of disturbance momentum. Aerodynamic drag on
the single solar array develops a third and major component of disturbance
momentum. The resulting CMG requirement may approach that of the complsted
80C, which is described on the right of the figure, but small orientation
biases toward the principal axes and in a direction to counter solar array
drag will reduce the requirement to about half of that required for the
completed SOC. Thus, each service module may contain half of the momentunm
control capability required for a complete SOC, and be capable of meeting
nearly all of the foreseeable control requirements for the various SOC
buildup options and interim mission operations.

o et i g B b e A A v g e e S T iR b, i

3.4.5 (MG Sizing

e s (M e e R L

A more precise analysis using digital simulation techniques was
performed to determine disturbance effects on the four selected cases. To
ensure that the maximum conditions were examined both inertisl and local
attitude holds were simulated.

The computer program used in the analyais is a general purpoge program
written in the Continuous System Modeling Program (CSMF III) langusge. It ;
includes detailed models of gravity gradient, aerodynamic, solar pressure i
and earth magnetic field disturbances; however, only the first two :
disturbance models were used in the SOC analysis. MNass and serodynamic
properties for the SOC body, solar arrays, and orbiter (where appropriate)
were entered separately. The solar arrays are rotated to constantly face
the sun and their jnstantaneous position is used to generate the total mass :
properties and aerodynemic areas for that instant. The sun was essumed to ;
lie in the orbit plane for all runs. Aero torques would be reduced for
other sun angle geometries. The local vertical cases were oriented witk the
body axes aligned to the orbit axes (Y-POP, ZLV), which allows gravity
gradient torques to be generated solely from the products of inertia. The
inertial attitude hold cases start in the same orientation, but the X and Z
body axes rotate relative to the crhit exes which allowas both the %the basic
menents and the products of inertis to generate gravity gradient tcrques.
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A summary of the results of the computer runs are ahown in Pigures 3.25 1
through 3.32. In each figure the torques and momentum are shown separately
for aerodynamic and gravity gradient disturbances in the first two columns, ]
then at the right most column the combined effects on torque and momentum
are shown. Momentum control sizing and RCS momentum dumping frequency is .
determined from the combined effects. ;

}
]
i
3

Table 3.15 describes the cyclic and secular momentum componenis. In
general, the addition of the orbiter tends to increase both cyclic and :
gecular disturbances. However, the effect of the orbiter on the products of !
inertia and aerodynamic moment arm tend to confuse the tremd. In most cases
the previously estimeted CMG sizing is easily capable of momentum control
for prolonged periods without becoming saturated. All cases could benefit
from the use of attitude biases which reduce secular momentum, especially
configuration 30 in local vertical flight. It may also be appropriate to \ 1
use SOC on board software to predict optimum attitude biases for each change
in mass and aerodynamic properties.
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T.4.6 RCS Thruster Arrangement

The baseline RCS thruster arrangement for the completed SOC
configuration {Reference 4) is pictured schematically in Figure 3.33. The
geometry and pumber of thrusters provide orbit mekeup propulsion either
independently or in conjunction with pitch or yaw momentum dumping. A
propellant feed arrangement (string A or string B) is also identified in the
figure to enable full contrcl even when one of the two supply systems or a
thruster has failed. The configuration utilizes two RCS boom assemblies,
one on each service module tc meet the requirements.

Until the second service module is mated and operational in the direct
buildup case, the RCS on the first service module must be capable of at
least perivdically dumping the momentum from the CMGs. This requires
three-axis torquing with full thruster and propellant feed syctem
redundancy, preferably without propellant-consuming interaxis coupling
problems. Orbit makeup maneuvers are probably not needed. It should be
possible to assemble the SOC at orbit altitudes sufficient to meet
reasonable decay life requirements without orbii makeup. However, orevit
makeup capability would certainly enhance operaticnal margins and reduce
program risk factors.

To meet the basic requirements for direct buildup some modifications to
the baseline system are required. Witn just half the sys.em on each service
module there is no redundancy in roll control for single service module
operations during buildup. Aiso, for Shuttle tendad operations during
subsequert revisits the combined c.g. is dangerously near the -2
displacement limit which could cause the loss of pitch-up control
autharity. Thus, some form of added RCS capability is needed. Pernaps the
simplest arrangement meeting the basic functional needa is the addition of
thrusters to the baseline RCS clusters. This approech is illustrated in the
schematic of Figure 3.34. Ten additional thrusters have been added to the
8ix in the original baseline configuration. Moment couplies are provided in
roll and pitch, but yaw torques are accomplished u3ing one-sided thrusting.
One-sided yaw thrusting azlso produces a pitching moment when the c.g. is
offset along the vertical axis. Large offsets, such as during Shuttle
tending operations, can lead to severe fuel inefficiencies becaunse
significant firing of the pitch thrusters is required to compensate for the
yaw/piteh coupling.

There are other solutions to the RCS problem during SOC buildup, such as
the installation of a small auxiliary boom and appropriate thrusater sets to
provide three-axis control torques (and orbit makeup, if desired). In their
moat austere form these RCS errangements may be inadequate for evolutionary
build plans where a single service module is required to perform in more
than just a between-Shuttle-visit survival mcde. Here, it may also be
required to provide both orbit makeup and three-axis momentum dumping in
support of various early mission operations.
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The matn point ia that the baseline RCS configuration is inadeguate,
oven for the direct buildup case, and some modificationa are required.
There are ainimum mods which can satisfy the divect buildup, but which may
not meet the needs of many evolutionary build plans. To meet the full early
mission needs with & single service module che auxilliary boom mentioned
above could be eanlarged to the axtent nncassary for adequate control as
shown achematically in Figure 3.35., The auxilliary boom would be uned until
the second service module is mated and its RCS is operational. The thruster
arrangement shown in the figure provides +X trarslational thrusting without
angular diaturbancea if the thruaters are pulsed in a coordineted manner to
account for c.g. offasts. This alsc applies to pitch and yaw momentum
dumping. When the orbiter is present only momentuz dumping functions nead
be undertaken and moment co.ples in all axes may be used tc minimize plume
impingement on the orbiter. The primary and backup thruster groups pictured
in the figure may utiliece completely asparate prorellant feed aystems. The
main disadvantage of thia arrangement is the sdded complication »f the
temporary boom.

To avoid this complication the possibility exists for the service module
deaign to be changed to allow the final RCS configuration (complete baseline
aystem) to be inatalled on the firat ssrvice module. Thus, the full-up RCS
capability would be available from the beginning and would satisfy sll of
the evolutionary buildup optiona. This would almso aave the deadended
development of the temporary RUS boom comfiguration. Further, it would
vliminate a propsllant fill connection through the mating interface betwaen
the two service modules and it would facilitete dual propsllant feed systema
between RCS cluaters. Although this= spproach has obvious packaging problema
for fitting into the orbiter bay, the tempor: boom approach would alao
face this constraint. Further study is warrar sd.
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4.0 SOC RESUPPLY & FUEL TRANSFER

This task consiats of two subjects as {ndicated dy the heading. The SOC
resupply task was concernad with the resupply of logiatica to aupport the
normal operationa of the S0C and the logistica required for construction and
flight support opsrations. The fuel transfer task concentrated on the
transfer of propellant for servicing an 0TV, :

4.1 SUMMARY

The objective of this task was to determine the requirsments iwmposed on
the SOC and on the ortiter to support the SOC reaupply logistica operations
for the aormal houaekseping and operational activities, and to determine the
impacta associated with the transfering of propellant from the orbiter to
S0C atorage or directly to an OTIV.

The SO0C resupply isaues wers concarned with the development of the SOC
logistics module (LM) exchange rocedure, and the capability of the orbiter
to traaspor: a full S50C crew of eight.

The fuel transfer analysis svaluated the fuel transport and transfer
concept developed by the General Dynamics Corporation as it would apply to
thia SOC operaticn. Suggested improvements/revisions were defined as
appropriate for the 30C operation.

No Special Equipment Required to Exchange SOC LM

The development of a logistics module exchange procedurs was necessary
because a aingle sttach port only waa dedicated toc accommodate the logistica
module (IM). Consequently, the attach port must be vacated before a full
logiatics module is installed. This requirement necasaitates the
incorporation of a parking/holding position for either the empty or the
full LM during the exchange cperation. The analysis indicated that the
utilization of the handling and positioning aid (HPA) located on the right
slde of the orbiter on the forward section of the payload bay longeron very
adequately sccomplishes this parking/holding requirement. The HPA has been
identified as a necesaary device for S0C assembly and for holding
construction projects during assembly (Reference 6). Consequently, at thia
time the HPA can be considered as a piece of equipment that is part of the
standard avallable equipment for space operations.

The orbiter BMS has the reach and mction capability necessary to perfomm
the LM exchange procedurs. The exchange procedure, thervefors, consists of
the extraction of the LM, by the RM3S, from the orblter payload bay and
placing it on the HPA in a holding pesition. The RMS then removes the spent
logistics module from the SOC and returns it to the orbitsr payload bday.

The full LM is remaoved from the HPA, transported, and bYerthed to the
vacated, dedicated, LM port. The utilities interfaces are remotely actuated
as described in Section 2.0 to complete the LM exchange procedurs.
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No Special Eguipment Required to Ipatall or Exchange Construction and Flight
Suppert Logistica Cradles ’

Similar module exchange nonditions exismt for handling of logistics
cradles containing space construction materials. The exchange prozedure is
identical to the SOC LM exchange procedure previously described. The HPA is
again used as a parking/holding device for tha cradle. Howsver, because of
the long reach necessary to deposit a comstruction cradle at the
construction site, the SOC remote control manjipulator must perform the
transportation phass of the sxchange procsdure. Consequently, no
additional/special equipment ia required to support this logistica cradle
exchange.

The Orbiter Can Tranapowrt a Full Crew of EBight

Various scenarios can be gererated that require the transportation of
eight crew persons to and from the SOC. The orbiter as the transportation
vehicle must provide this capability. Two orbiter arrangements were
considered to verify the orbiter capability. The standard cavin seating
arrangement has accommcdations for 10 people in a reacue mode. If the
operation of thke orbiter is assumed to be accomplished by the commander and
pilct only, the eight remaining seats can be occupied v the SOC arew.
However, if the mission on which the crew is being transport requires
three or four orbiter crew, *then one or twe additional seats nmust be
provided in the mid deck section of the cabin. These additional seating
positions can he accommodated by removing appropriate portions of the
forward modular locker stowage compartments with the airlock inside the
cabin. If the airlock is moved ocutside the cabin or the docking module is
acting as an airlock, the modular storage lockers can remain.

Adequate storage for personal belongings and for emergency proviaions
appear adequate for all arrangements investigated. Clear paths for
emergency exit for a pad abort condition are also available. Additional
analysis and tests are necessary to positively verify the emergency egress
procedures. However, this preliiminary analysia indicates the feasibility of
the orbiter to transport a full crew of eight to or from the SOC.

Low-Risk Technology Is Availeble For Zero~G Fluid Transfer

A conservative system design, hased partly on concepts recommended by
General Dynamics in Reference l, was developed for zero-g transfer of LOX
and LH2 from the orbiter to OTVs berthed on SOC (Figure 4.1). The
features of this system include a dewar-iype supply tank in the orbiter,
helium pressurized transfer, capillary screen-channel prcpellant
acquisition, and pressure/vent cycling for prechilling of the LHz
receiver tank. Overall propellant losses, from ground loading to OTV
propulsive usage, were eatimated to be approximazely 7.5%.
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CHILLDOWN SPRAY NOZZLE
{3 PRESSUNE
VENT CYCLES)

oty ORBITER

NOTE: LO4 TRANSFEK SYSTEM TAME AS Ly EXCIFT NO CHILLDOWN VENTING

PIGURE 4.1 SOC-GDC BASELINE REFUEL SCHEMATIC

Advanced Concepts Can Substantially Reduce Transfer lLosses

An advanced transfer aystem concept was alao developed which has the
potential of reducing overall losses to less than 2.5%. This includes a
namber of candidate refinements such as a lightweight supply tank with
multi-layer insulation (MLI)} instead of the heavier dewar, subcoocling of
propellants to reduce boiloff loases, purped trarsfer for reduced tank
presaure requirements, autogenous pressurization to reduce pressurization
system weight, nor-venting pre-chill of the receiver tanks t5 eliminate
chilldown losses, simplified capillary devices to reduce tank cost and
weight, and centralized SOC transfer control.

The technique recommended for zero-g propellant guaging is acoustic
resonance, with ullage compliance and RF guaging retained as fall back
approaches.
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Remcts Controlled Fluid Tranafer Is Viakle

For fluids which require resupply on a regular basis, e.g., LOX, LK2
and hydrazine, transfer by means of a remotely operated discounect through a
single filling point into one or mcre atowage tanks cn SOC iz the
recommended mode of resupply. Thia approach minimizes EVA requirements and
the hazards associsted with exposure to spillage and leakage. For fluids’
requiring infrequent resupply, such as fluorocarbons, container replacement
using the RCM and manually operated disconnect fittings is considered a
practical approach.

Recovery of ET Propellant Residuals and Storage on SOC Shows Hsjor Benefits

An analysis was made of cryogenic propellant storage on S0C, in
combination with sub-orbital recovery of residuals from the Shuttle External
tark (ET), and propellant payload sharing on under-loaded orbiter flights.
The results irdicated that a drastic reduction (1/3 to 1/2) can be achieved
in the total number of Shuttle launches required for a typical yearly 30C
traffic schedule.

QTV Propellant Storage on SOC Ia Recommended

FPirst, the ability to store OTV propellants on the SOC can save on the
number of propellant logistics flights required to support OTV operations.
These savings result froz (1) the recovery of ET unused propellent, (2) the
elimination of "round-off” flights - propellant needed for a given OTV
misgsion above an integer pumber of Shuttie flights, and (3) vasic reductionsa
in overall OTV propellant requirements whic% can be achieved through
lightweight apace based OTV designs. Further savings would be possible
through reduced propellant losses by incorporating active refrigeration
into the propellant storage facility.

Second, propellant storage on SOC could also uncouple Shuttle logistics
from SOC based OTV operations. Inatead of requirements for breaking into
the Shuttle manifesting plan for a cluster of three, four, or possibly five
closely spaced flights in support of an MOTV mission, the propellant could
be delivered to SOC on a routine scheduled basis, thus, easing fleet
management and potentially improving fleet utilization. Propellant storage
could also provide a rapid response capability for rescue and/or other high
value services.

Because of these major benefita, OTV propellant atorage on SOC is
recommended .

Active Refrigeration Is Feasible

Analysis shows that active refrigeration of the above LOX and LH2
storage tanks on SOC is practical and beneficial in terms of reducing
storage losses and providing subcooled propellant. The latter can improve
OTY atructural mass fraction and reduce mission boiloff losses. It is
particularly attractive in cenjunction with the recovery of residual
propellants from the Shuttle ET.
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4.2 30C LOGISTICS MODULE AND LOGISTICS CRADLES EXCHANGE PROCEDURE

An analysis of this operation for Yoth the LM and the logistics cradles }
vag performed in order to determine the equipmaent required, the orbiter and -
S0C i{mpacts, and the operational sequence(sa).

Figure 4.2 illustrates the SOC configuration in & full-up cperational
arrangement, and indicates the location of the SOC LM and of the loglatica

cradles supporting spzce corstruction and flight support facility
operations.

SOC Logistics Module

Only one port on the refarence SOC configuraticn is dedicated to accept
the SOC logistics module. Consequently, when exchanging the spent module
with a full module, a temporary holding/parking position is necessary. This.
holding position can either be on the SOC or on the orbiter. When the S0C
is in full operation all ports are dedicated to support the SOC operationa.

" Consequently, the orbiter muast provide this capability.

The issues involved in determining the exchange procedure{s) are listed
in Table 4.1. Three functions are identified that affect thia analysis (1)
deployment of the LM from the payload btay, (2} transportatiom of the LM to
the S0C, and (3) holding/parking the LM. Implementation of these functions
determines the equipment required. Table 4.1 indicates the equipuent
options that are available to perform these functions. The payload
-4nstallation and deployment aid (PIDA) was selected to perform the :
deployment of the LM from the payload bay. This concept was selected over a
rotating flight support cradle type device (MMS/FSS) because it not only was
identified in Section 3.0, SOC assemhly, as the selected method for
deploying the SOC modules from the payload bay for the SOC assembly
operation but was aslsc the least complex mechanism and had the least impact
to the shuttle. The orbiter's RMS has the reach capability to transport the
IM from the orbiter to the SOC. The principal issue was the determination
of & holding/parking position and the equipment required for thia function.
Three exchange procedure options were developed and analyzed in order to
determine the equipment required. Figure 4.3 illustrates the opticns and
Figure 4.4 achematically represents the exchange sequences for each option.

Each option is identified by the number of transport equipment required
and the type of holding/parking device required. The first option utilizes
the orbiter RMS to perform the transport function witk the handling and
positioning aid (HPA) providing the LM parking function. The exchange
sequence, indicated in Figure 4.4, has the full LM removed from the PIDA
deployed position by the RMS and transported to the EPA holding/parking
position. The RMS continues to the SOC, engages the spend LM and deposits
the LM on the PIDA device which then stores the module. The RMS retrieves
the full LM from the HPA and berths it to the S0OC, thus. completing the
exchange.

1-5
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TABLE 4.1 LOGISTICS MODULE/CRADLE CHANGEOUT ISSUES

PIDA

DEPLOY FROM PAYLOAD BAY

& EQUIPMENT REQUIRED

MMS /FS5

RMS

TRANSPORT TO/FROM SOC

RCM

PARKING

RMS

e REACH

RCM

* ORBITER ORIENTATION
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o SINGLE TRANSPORTER WITH HOLD OF POOR QUALITY

(PARKING) POSITION
-HAPA HOLDING ECUIPMENT

-
. ..._4_....*.“.;1'-03

1. TRANSPORT NEW LM TO MATING 7 SOC | ® SINGLE TRANSPORTER MATING
POSITION m MODULE-TO-MODWLE = NO | A
PARKING POSITION REQUIRED
2. MATE Live & CHANGE PICKUP 1O so¢
NEW €.G. LOCATION

3. RELEASE OLD LM — ROTATE LM soC
PAIR -- BERTH NEW LM TO SOC

&, CHANGE PICKUR TO NEW C.G, QD $OC

LOCAHON - -
5. SEPARATE & TRANSPORT OLD : ‘
LM TO PAYLOAD BAY CA [ D soc !
Al — i

& TWO TRANSPORTERS — NO
HOLDING EQUIPMENT REQUIRED

FIGURE 4.3 SOC LOGISTICS MODULE EXCHANGE OPTIONS

& SINGLE TRANSPORTER
1. NEW LM TO HOLD
2, MOVE 7O SOC (TRANSPORTER)
3, OLD LM TO PAYLOAD BAY
4, MOVE TO HOLD (TRANSPORTER)
, 5. NEW LM TO 5QC

2
® MODULE TO MODULE MATING Ca
1. NEW LM TO 5OC MODULE 3
| 2. EXCHANGE LM BERTHING
3. OLD LM TO PAYLOAD BAY

: (NO EXCESS TRANSPORTER !

: MOVEMENT)

1

i P/l BAY

i 3

i SOC

| @ TWO TRANSPORTERS o‘\ HOLD POSITION

| 1. RMS MOVE NEW LM TO HOLD 0. .

! 2. RCM MOVE OLD LM TO PAYLOAD BAY i

! 3. RMS MOVE NEW LM TO 5OC 2 J }
O P/L DAY

FIGURE 4.4 EXCHANGE SEQUENCES
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The second option, shown in Figure 4.3, utilizes the RMS to transport
the full LM from the PIDA deployed position and berthing the full LM to the
spent IM. The spent LM is released from the SOC port and the assembly, the
apent LM and full LM, is rotated to allov the full LM to berth to the SOC
port. The apent LM is aeparated from the full module and returmed to the
orbiter payload bay. The RMS performs all of the transport and rotation
functions. This concept requires an additional berthing device on the LM in
order to accouwplish the mating of the spent znd full IM. Additional command
signals will be required across the LM port in order to activate the mating

port between the two LMs. No holding/parking device is required for this
option, however.

The third option utilizes hoth the RMS and the SOC remote control
manipulator (RCM}. The RMS performs the function of tranaporting the full
LY from the PIDA deployed position to the SOC. However, it holds the LM
while the RCM removes the spent LMY and transports it to the payload bay.
This procedure does not require a holding/parking device but does require
the RCM to be available to perform the function.

The first option was selected as the preferred method to perform the LM
exchange overation because the operation could be accomplished solely from
the orbiter. Even though a holding/parking device is required, it is a
piece of equipment that has been identified for other SOC operations as well
a3 being identified for operations from cther apace systems atudies and,
consequently, can be considered as a piece of available equipment. 1In
addition, no requirements are placed on the LM itself and no impacts are
identified againat the orbiter or the SOC.

Logistics Cradles

The exchange procedure for the logistics cradles envisioned for
supporting space construction and flight suprort operations is essentially
identical to that selected for the SOC LM. The HPA holds the cradle for the
exchange operation. However, the RCM ia required to perform the transport
operation because of the distance between the orbiter and the using position
of the space conatruction logistics cradles (Figure 4.5).

In conjunction with the logistics cradle exchange procedure analysis an
investigation of the orbiter orientation in relationship to the S0C was
performed. The concern was the reatrictive path available for the
extraction and tramsport of a logistica cradle from the orbiter to its using
poaition, Figure 4.6. Three orbiter orientations were investigated {1) a
90* rotation, (2) & 45° rotation, and (3) an offset translation. The 90°
rotation arrangement, Figure 4.7, was investigated because it simplified the
extraction/transport path for the flignt support logistics cradle. However,
this orientation did not simplify the exiraction/transportation fumction for
the space construction logistics cradles. The 45° rotation, Figure 4.8, was
a compromise orientation that would simplify this operation. In any of the
rotation reorientations of the orbiter, a rotation capability is required at

4-8
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FIGURE 4.7 SOC/ORBITER ORIENTATION CONCEPT - 90* ROTATION
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FIGURE 4.8 SOC/ORBITER ORIENTATION CONCEPT - 45° ROTATION
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the orbiter/SOC interface in order to accommodate the utilities interface:
connections. Figure 4.9 indicates the rotation capability instslled on the
docking module. The rotations also placed the orbiter in line with the SOC
BRCS engines, thus subjecting it to the plume impingement contamination.
Both the orbiter and the SOC radiators were also partially shaded by these
orientations.

The offset translation, Figure 4.10, eliminated the rotation
complexities by utilizing the HPA to affect the orientation. However,
because the HPA is on the right side of the orbiter, the orbitver muat be
oriented tail up. This places the orbiter bay clear of the S0C modules and
provides a clear path for extraction/transport of the logistics cradle. S0¢
plume impingement and orbiter radiator blockage, however, dre alsoc evident
in this arrangement.

However, by utilizing the PIDA device to deploy the payload, the payload
is now placed clear of the SOC flight support servicing fixture area and a
clear transport path is available, Figure 4.11. Therefore, the normal tail
down mated position of the orbiter on to the SOC was retained as the
baseline orientation.

4.3 SOC CREW TRANSFORT
The objective of this analysis task was to establish the feasibility of

the orbiter to trarsport & full SOC complement of eight crew members.
Implementation of this objective translates into the establishment of a

UTRLITY LINES

ROTATING PORTION OF
DOCKING MOOULE

sTRO e FIXED PORTION OF
.0 KE ” DOCKING MODULE
ROTATION MLANE 5/‘/7 7
PRESSURE SEAL ASSY "

FIGURE 4.9 DOCKING MODULE - ROTATICHAL CONCEPT
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seating arrangement in the orbiter crew catin that will accommodate a

maximun_ of eight passengers along with adequate storage for the crew
emergency support provisions and personal gear, and provide acceptable
launch and landing emergency egress paths.

TRANSLATION
OFTION 2

' s}'.

HANDLING AND
POSITIONING AID

\MDIATOE (50C)

RADIATOR (ORMTER)

Sl

o
1
Aoyl e

§ s
-

LS

TRANSLATION
OPTION 1

~ FIGURE 4.10 SOC/ORBITER ORIERTATION CONCEPT - TRANSLATION

® 4 ORIENTATION MOVEMENTS
® CLEAR TRANSPORT PATH

PIGURE 4.11 PIDA DEPLOYMENT/EXCHANGE CONCEPT
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The orbiter crew station and the passenger accommoiations are comprised
of working, living, ard equipment storage facilities. PFigure 4.12
illustrates the basic orbitar configuratlion for both the crew flight deck
and the mid deck compartments. The flight deck contains the four
operational stations of the commander, the pilot, the misslion specialist,
and the payload apecialist. The mid deck contains atorage facilities,
«nflight provisions, and four crew sleep stationa. Access to and from the
orbiter is through a side ha‘ch into the mid deck area. Access Latween the
nid deck end che flight deck is accomplished by a ladder through an opening
in the flight deck floor. Access from the mid deck to tha payload bay is
via an airlock which is shown within the mid deck. This airlock, however,
can bs located either in the mid deck or in the payload day.

dithin the basic orbiter cabdbin three options vere analyzed that could
accommodate the eight SOC crew members (1) operation of the orbiter by the
commander and pilot onmly, (2) operation of the orbiter with a full four
member crew and the sirlock within the mid deck, and (3} same as Option 2
excopt the airlock moved into the payload bay.

If the mission transporting the SOC crew requires only the commander and
pilot for its operation, then the twc available seats in the flight deck :
normally occupied by the uission and payload specislists can be utilized as :
passenger seata., These tvo seats, in conjunction with the 2ix seats in the
mid deck, will accommodate the total eight SOC crew members with no changes
to the orbiter, Figure 4.13.

With a full orbiter crew compliment of four, the passenger sesating must
be accommodated in the mid deck. Two additional seats and passenger
accomnodation are required. With the airlock located within the crew cabin,
the two seats, located &a illustrated on Figure 4.14, require the paitial
removal of the modular storage lockers, Figure 4.1%. The remaining storage
provisions are indicated and will accommodate the crew emergency equipment
and personal gear. The seats are arranged to provide acceptable egreas
paths for launch pad emergency escape. Access to the galley and waste
management areas can be made more accessible by folding and storing the
asrts sdjacent to these areas. Access to L;OH canristers and air
revitalization equipment will require the folding and storage of three
additional seata.

The installation of seat support fittings for the two rescue and
snergency equli.snt ars the only changes tc the orbiter neceasary to
accommodate tha full S0C crew.

The additional volume gained by removing the airlock permita a more
desirable arrangement of the eight seats, Figure 4.16. An area is indicated
to accept the storage of the two EVA suits, which are atored in the airlock
in the basic cabin arrangement, and to accept the airlock controls. A
partition across this area is requLired to provile a walkirz surface
nacessary for launch and emergency egress. The arrangement shown in Figure
4.16 retains the seat arrangement for the three rescue sesats and the seat
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FIGURE 4.16 MID-DECK ARRANGEMENT WITHOUT AIRLOCK

adjacent to the waste management atation. By moving the center two seats
aft, the location of the two additional seats permitas the retention of the
modular atorage lockers. Acceptable Launch prad emergency egress is

provided. Access to the L OH caniaters and air revitalization equipment
is available without folding/stowing any of the seats.

This arrangement, thersfore, while being a more desirable arrangement
requires the airlock to be moved out of the cabin and seat support
provisions added for four assats.

No selected arrangement can be made at this time since the selection is
highly dependant on the mission manifest and orbiter cabin arrangement.
However, the capability does exiat in the Shuttle Orbiter to accommodate
eight passengers with or without a full orbiter crew.

4.4 OTV CRYQOGENIC PROPELLANT RESUPPLY

The major fluids supplied to SOC are LOX and LH:z for refueling 0TVs
based at the flight support facility. Individual OTV flights are expected
to require proyeliiant quantities ranging from fracticnal orbiter loads to as
many &8 three or more orbiter loads per misaion. Typical SOC traffic msdels

assune approximately seven orbiter tanking flights psr year but 24 or more
are possible in later evolutionary phases of SOC,
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4.4.1 Basice AppI'OGCh
The basic concepta and groundrulea assumed for resupply of OTV
propellants take into account the findings of Reference 1, a preliminary

design study of orbital propellant handling and storage, prepered by General
Dynamics, Conveir Division (GDC).

The basic method adopted for resupply is fluid transfer as opposed to
replacement of loaded containers. Although the latter technique does not
violate the concept of space-basing, it imposes penalties in terms of QTV
inert weight and results in operational complexitiea. Zero-g fluid transfer
has not yet been demonsatrated or a large scale, but the basic technology and
component designs have been proven in booster and spacecraft propulsion
systems and the overall technical risk involved is considered to be very

low.

4.4.2 Key Issues and Drivers

The basic issues considered in evaluating the various propellant
transfer methods and system design configrrations are listed as follows:

o Safety
° Mission Reliability
o Fropellant Losses
0 Operational Simplicity and Flexibility
] Propellant Positioning
o Zero-G Gaging
) Liquid-Free Venting
-] Design Impacts on Shuttle, SOC and OTVs

4.4.7 Baseline System Design

To serve as a reference point for eveluating the various system optiomns,

a baseline LOXK/LHZ transfer system was defined using the recommendations
of Reference 1. As shown schematically in Figure 4.1, it uses a

straightforward, low-risk, conservative approach. The main feature of the
baseline system are:

o Nested, dewar type LOX/LHZ supply tanks in the nrbiter

Q Full screen-channel capillary propellant acquisition system in
the supply tanks

o Helium pressurization for propellant transfer
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0 Press/vent cycles for prechilling the LH2 receiver tanks
in MOTV

o Liquid separators in the OTV vent lines

o RF (radic frequency) zero-g guaging of tanked propellant
quantity

Prechilling of the LH? receiver tank is accomplished by mlternately
spraying small amcunts of liquid into the tank, allowing it to vaporize on
the warm walls and venting the boiloff vepors as required to prevent
overpressurization. After approximately three of these pressure/vent
cycles, the tank is sufficiently cold to accept the full load of liquid
without further venting, aided by mixing jets in the tank which help
condense the excess ullage vapors. Pressure/vent cycling iu not reguired
for the LOX receiver tank becsuse of the larger senaible heat capacity pe:
unit volume of oxygen. Termination of tanking is based on indication of a
full condition by the RF zero-g guagirg system whose sensing antenna is
shown installed in LH2 tank of Figure 4.1.

The vacuum jacketed, nested design of the orbiter supply tank is
relatively heavy bdut simplifies ground operations by eliminating the need
for purging MLI (multilayer insulation) while on the Shuttle launch pad.
Although not shown, a venturi device is provided to saturate the helium
pressurization gas flow with propellant vapor, so as to avoid dry-out of the
capillary screens in the supply tank. Figure 4.17 presents an eatimate of
the typical preopellant loases incurred between Shuttle launch and MOTV final
usage. Of the 7.3% cverall loss, 3.6% is chargeable to the procesa of
propellant resupply.

4.4.4 Safety and Relisbility Considerations

Propellant handling and refueling are generally considered one of the
more hazardous operations encountered in ground and orbital operations. The
actual risk, however, can be reduced to very low levels if proper design
Philosophy and operating procedures are used. NASA Handbook 1700.7, "Safety
Policy and Requirements for Payloadsa Using the Space Shutile Transportation
Systen” (Reference 4) sets forth design and operatiomal rules that also
pertain to propellant tranafer systems in general.

Following is a 1ist of the more important safety guidelines and
considerations applicable to the SOC propellant resupply:

o Redundancy - No single mechanical or electrical fsilure will
endanger personnsl or equipment. As a design goal, no single
mechanical or electricel failure (except loss of power) will
preclude the transfer of propellant.

o Leakage - As a design goal, three independent mechanical

inhibits will be provided to prevent leakage or unplanned
discharge of propellant into the orbiter cargo bay or other
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enclosed areas. Quick-disconnect fittirigs should inc.ude
means for verification of interface geal integrity by inert
g£a8 leskage checks befors exposure to prepellants. Means
should be provided for detecting external leakage from the
disconnect during use, as well as from other system
components. Purging capatility should be provided for such
contingencies.

Menitoring - Critical system measurements should be displayed
and audible warning and lights provided to indicate
out-of-tolerance conditions. Critical valves shall have
position indicators, and actomated override circuitry shall be
provided to automatically correct hazardous conditions through

the proper sequancing of electrical commands.

lipne Routing « Propellant lines, valves, equipment and other
potential sources of leakage should be located cutside of
enclosed spaces, and protected from inadvertant physical
damage. LOX and LH2 plumbing and tankage should be widely
separated wherever practical.
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("] Procedures -~ Formal detailed coperating procedurses, chaék i
liats, diagnoatic routines, &nd contingency plans should be
prepared and followed at all times.

o Abort landing - Propellant tankage inatalled in the orbiter
shall be capable of lan’ing safely with propesllant contained, i
under the design load factors specified for emergency or abort .
landing in NHB 1700.7; or means shall be provided for safely
dumping the propellants over board prior to auch landing. The
propsllant system and tankage ahould be able to safely
withatand the socak-back temperature peak experienced in the :
cargo bay after landing at a contingency field not equipped
with a mobile air purging unit.

4.4.5 Advanced System Concepta l i

. A wide range of aystem concepts were svaluated, including design options
pressnted in References 1 and 2. Figure 4.18 ahows asome of the more
promising candidate refinements integrated into a propellant tranafer system
having reduced holloff losses and improved operating features. The
following combines a description of system operation with an evaluation of
the candidate refinements.

System Installation

Figure 4.19 shows an example acenario with an orbiter propellant
resupply tanker docked to SOC, the configuration of the flight support
facility, and the routing of the intercomnecting propellant transfer lines.
An RCM is showm in the process of conmnecting a transfer line to an MOTV by
means of a quick-disconnect fitting. An RCM is alao used to engage a
S0C-mounted folding boom and quick-disconnect with the orbiter resupply
tank. A shirtsleeve envirooment refueling control center (not shown) is
located on SOC, along with other system requirements such as transfer
plumbing, pumps and storsge space. This arrangement minimiges the system
inert weight that must be carried on the orbiter. Wherever possible, linss,
valvea, pumps and mechanical aquipment on SOC are mounted externally for
accessibility, and to minimize leakage of any fluids or gases into enclosed
areas.

Refueling Control

The main console ana major control/monitoring functions for propellant
transfor are located in the shirtsleeve - enviromment of the SOC refueling
control center which is positioned to afford good visibility of the major
propellant system elements and to monitor or backup the RCM operator's cab
during handling of the tranafer flex lines and engagemsnt of the propellant
disconnects. Rafueling operations are remotely controlled and automataed
where practical. No EVA is required except in cases of equipPment
malfunction, in which event provisicvas are made in the design of the _
equipment for EVA maintenance and/or backup operation using standardized EVA
tools.

4-20



ORIGINAL PACS 13 -
OF POOR QUALITY

PRESSURE
-""'"-I REGULATOR
VENT
I
j
$HX
H :E(SE!.F-
Smesy)
li
> _J
DISCHARGE VALVE - -
LHy /) ‘/ MiNE
/ PUMP H
f ]
MJ L-___..f""—-_
FIGURE 4.18 ROCKWELL SOC REFUELING SCHEMATIC
OPTION 4 - SOC MOUNTED FIXED LINES, N T ouea tTow 00Ot paCK cato e T

MINIMUM ORBITER EQUIPMENT | SENVICE MODULE

WAVEL 0T =

WARDUNIE AEUTING OM
FREX Lt ' SERVICE MODULE & fant

PLATFORM (Lot NEAR SIDE
107 FAR $00

HITAGE

weTY -

v _'\\“‘> \ = 7 -

e —

SUrFORT
FACILITY INTERFACE COMBECTION /
! DOCHHN BODULE
FOLDME S00M
e -
IR
| —f ‘“‘ﬁ};.;tac:: -
___ y IF
TARE ll'l't'flt!{ swvEL omT

PIGURE 4.19 FUEL TRANSFER LINE CONCEPT

4-21

RS |

PSR VA Sy




B e e mmre e e m erm e e T AR Al R e ol e o - -

The above operating philosgphy minimizes exposure of persomnnel to EVA
hazards, simplifies cperations and reduces the time required for refueling.
It is recommended that a minimum backup and emergency override
control/monitering capability be provided in the orbiter using the aft
flight deck and/or co-pilot station. The senior refueling specialists would
be members of the SOC crew, with orbiter personnel receiving minimum
training as required for safety monitoring and emergency override
functions.

Supply Tank Design

Instead of the baseline neated dewar configuration, the orbiter
propellant supply tanks shown in Pigure 4.18 are un-nested and inaulated
with MLI to minimize system inert weight. A five mil Mylar acuff layer or
purge bag encloses the MLI to permit purging with GHe on the Shuttle launch
pad, in order to avoid liquifaction of GN2 on the outer surface of the
LHz tank wall. Moisture condensation on the outaide of the purge bag
will be prevented by purging the orbiter cargo bay with dry GN2. A l-to-2
inch layer of foam insulation eprayed on the tank wall (underneath the MLI)
is recommended to reduce boiloff rates durinz launch countdown. The purge
bag snd MLI layers are perforated to allow rapid venting and outgamsing of
GHe during boost and orbital flight. The purge-bag/MLI/foam combination
also provides an adequate level of meteorite protection for tae tanks.

The combined installed length of the un-nested LOX and LH2z supply
tanks is approximately 7.9 M (26 feet), hased on a total tankage system
weight of 29,500 Kg (65K 1b) full. If the LOX tank is forward as shown in-
Figure 4.18, the tank combination can be installed flush against the rear
bulkhead of the cargo bay with its ¢.g. well inaide the preacribed limita.
This provides the greatest flexibility in cargo manifesting; e.g., if the
supply tanks are not fully loaded, additional cargo such ss construction
materials will have an uninterrupted forward bay length of 10 M (34 feet)
for atorage. With the LOX tank aft as in Reference 1, the remaining bay
length would have to be divided between the forward and aft ends [4 .}

(14 feet) aft and 6 M (20 feet) forward] to meet c.g. requirements.
Anti-alosh ring baffles (no% shown) would be installed in the tanks to
control propellant dynamics during Shuttle boost with either full or partial
propellant loads. It should be ncted that the tank lengths shown in Figure
4.18 are exaggerated for achemutic clarity.

Subeooling of Propellants

In the baseline system, the LOX and LHZ propellanta would slowly
boil in the sugply tanks during countdown at a vent system back pressure of
about 1.1 x 10° N/M? (16 psia), corresponding to saturation temperatures
of 85.6°K (164°R) for LOX and 20.5°K (37°R) for LH2, These temperatures
can be lewered cloame to the triple point (freezing) temperatures of 54.4°K
(98°R} for LOX and 13.8°K (24.8°R) for LH2 by the simple technique of
bubbling helium ges through the bulk propellant and out through the launch
facility vent system. Subcooling has the potential of greatly reducing
prop2llant boiloff leosaes in orbit.
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Helium injection is commonly used in booat vehicles for reducing
cryogenic propellant temperatures and rocket pump NPSH requirements. Thia
method of subcooling is based on the law of partial pressures and is

identical to the process of evaporative cooling produced by flowing dry air
over a wetted surface.

Substantial subcooling of the propellants reduces their vapor pressures
below atmospheric, with the balance of the tank absolute pressure (16 psia)
made up by the partiasl pressure of helium in the ullage. This prevents
negative pressure differentiala across the tank walls. If desired, this
heliuvm=-rich ullage can be vented overboard in orbit, prior to the start of
propellant transfer.

By increaaing the rate of helium injection in the tanks it is even
possible to produce a solid/liquid mixture or "slush® at the triple-point
temperatures. This mixture haa a greater thermal capacity because of its
heat of fusion, and would delay boiloff in-orbit longer tharn would pure
subcooled liquid. As indicated in Reference 3, slush mixtures have bsen
punped and transferred in the same manrer as pure liquids, however, more
demonstration testing i3 needed to verif; the feasibility of uaing slush for
propellant resupply.

Autogenous Pressurization

To avoid the weight and logistics requirementa of a helium
pressurization system, an autogenous system or self-pressurization loop can
be used as shown in Figure 4.18. Liquid propellant is vaporized by an
ambient heat exchanger coil which pressurizes the tank ullage in "bootatrap”
fashion. The pump head requirement csn be very low (Jjust enough to overcome
fluid friction losses in the flow loop). Conceivably, the pump could be
replaced by a capillary wicking device which transports liquid to the heat
exchanger just as in a conventional heat pipe.

Pumped Transfer

If a pump is provided to transfer propellant to the 0TVs, pressurization
of the supply tank ¢an be reduced, or even eliminated if a zero-RPSHE (net
positive suction head) pump design is provided that is capable of handling
two-phase boiling liquid. Such devices (known as boost-pumps) have been
developed for use in LOK/LHz propulsion systems and are available
off-the-shelf. If such a device is used, no external pressurization aystem
is required for the supply tank, which can self-pressurize by flashing of
the bulk propellant e&s it is withdrawn. The electrical power required for
pumped transfer of 29500 Kg (55,000 1b) of LOX/LH2 at 6:1 mass ratio is
on the order of 350 watts for a sequential tranafer in four hours.
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Propellant Acquimsition

The screen-channel type of capillary propellent positioning aystenm,
recommended by Reference 1 and shown in the baseline aystem of Figure 4.1,
is commonly used for propellant acquisition, especially where high adversas
"g8" levels ure encountered as in the orbiter OMS and RCS tanks. Screen
channela, however, require special filling procedures, are subject to bubble
trapping and vibration failures, and are expensive to develop and
fabricate. The simplified capillary acquisition system shown in Figure 4.18
consists of open wicking channels along the walls and a cluster of vanes at
the sump, as shown in greater detail by Figure 4.20. This design is an
outgrowth of the capillary system design used successfully in the Viking
Orbiter Spacecraft tank shown in Figure 4.21. The expulsion efficiency
attained by this design in actual service has been eatimated at 99.5%.
Although that system was designed for lateral diaturbances up to only
10"3. much higher adverse disturbances can be accommodated by using a
finer grained arrangement of capillary surfaces in the sump area as shown in
Figure 4.20. The maximum disturbag:e during S0C propellant transfer are
expected o0 be on the order of 1077ga. For that application the simple
vane-type design is considered superior to a screen-channel acquisition
ayater in terms of cost, reliability and operational simplicity.

Liquid-Free Venting

The simplified vane-type capillary system design described above can
elso be used in the OTV tanks and the SOC astorage tanks. As shown in Figure
4.18, capillary forces are produced which displace the vapor bubbles in the
tanks tc form a single ullage space aurrounding the vent tube. Also, a alow
rotation or swirling action in the bulk liquid can be provided by
recirculation pumps or incoming transfer flow to create centrifugal "g"
forces, buoyancy effecta and redial/axial circulation patterns which
disledge bubbles from the tank walls and aweep them to the vent port,
thereby positioning the ullage much more positively at its desired
location. MNormal boiloff can then be handled through the main vent system
without the need for a liquid separator. The other cptiomns for achieveing
liquid-free venting are mechanical separators or the use of a thermodynamic
vent (TY) system shown schematically on an OTV tank in Figure 4.18. Liquid
from the expansion valve evaporates in heat exchange colls attached to the
tank wall, thereby cooling the wall and intercepting heat leaking through
the insulation. A TV system, however, adds system weight and can be costly
to fabricate.

Chilldown and Transafer Procedures

Assuming that an LH2Z storage or holding tank exists on SOC as shown
in Figure 4.18, boiloff vaporas from chilldewn of the transfer line and
receiver tank would not be vented overboard as with the bazeline transfer
system. Instead, they would be bubbled into the bulk liquid of the SOC
storage tank where *“ey would be condensed by direct contact and recovered.
Yhen the 0TV receiver tank is sufficiently chilled, the vent line to the
storage tank would Ye closed and filling of the OTV tank completed with the
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aid of jets that provide bulk mixing within the tank to condense the
diaplaced ullage vapor. With this approach, pressure/vent cycling during
chilldown is not required. It is not necessary for the receiver tank to be
evacuated to establish pump chilldown and priming, if sufficient pressure is
provided in the orbiter tank to drive the receiver tank ullage and chilldown
vapors into the SOC storage tank for condensation.

Another design option is the use of a vapor return line (not shc ..)
between the receiver tank and supply tank ullages, creating a closed loap
flow system. As such the two tanks are always at the same pressur: except
for flow friction losses in the vapor return line. Under zero-g cunditions,
with all valves in the flow loop open, pump chilldown and priming covld be
initiated with just the slight head produced acrosa the tranafer pump by
apinning it in the presence »f propellant vapor. Excess boiloff would
either be admitted to the SOC storage tank for condensation, or abaorbed
back in the orbiter supply tank with the gid of apecial vapor nozzles
located beneath the liquid surface to allow condensation of the returning
vapor by direct contact. :

Another version of the vapor return technique uses a fan or blower in
the vapor return line, instead of a pump in the liquid transfer line, to
provide the pressure differential needed for transfer (Reference 2).

Another version uses a "cold trap” or condensing coil in the surp of the
supply tank to recover chilldown boiloff, as shown in Figure 4.22.

Recovery of chilldown boiloff in the surply tank liquid can also be
accomplished without & vapor return line by use of a flow reversal method as
follows: With an ullage pressure established in the supply tank that is
greater than in the receiver tank, the valve at the supply tank liquid
outlet is opened long encugh to admit a metered slug of liguid in the warm
transfer line where it is tapped, vaporizes and builds up a pressure in the
receiver taak which 1s somewhat higher than in the supply tank. Opening the
valve again at the supply tank outlet will permit reverse flov of this vapor
through the liquid bulk where it is recondensed. After pressures equalize,
the supply tank outlet valve is closed, the supply tank pressure is again
increased (by the pressurization system) and the cycle is repeated. through
successive cycling, the transfer line and receiver tank are progressively
cooled until chilldown is complete and preopellant transfer can begin.
Because this method is somewhat complex, it would be used only in case the
SOC storage tank did not contain enough liquid to absordb the chilldown
boiloff vapors without exceeiing tank design preasures.

Reduction of Propellant Loases

By use of the system options described above, propellant losses
chargeable to propellant resupply can be reduced from the 3.6% shown in
Figure 4.17 for the baseline system to less than 0.25% if recnvery of
chilldown boileff is veed and the supply tank is warmed to minimize its
tapped ullage masa. The O0.4% OTV mission boiloff loss can be eliminated by
last-day fueling witkh surcooled propellant from a 3S0C storage tani.
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Active Refrigeration

Tue concept of active refrigeration on SOC for cryogenic propellants
provides the poiential for reducing atanddby boiloff losses and/or
insulation requiremants for the OTVs and/or SOC pror«llant storage tanks.
The uveat current technology for apaceborne cryogenic refrigerator systema ias
typified by the mini-Halo design shown ir Figure 4.23. In principle, {t is
a reversed, closed-loop Brayton power cycle using helium as the working
fluid. Although the expansion ratio across the turbine is very low and can
cool the helium flow only a few degress by itself, crvogenic temperatures
are achieved 2t the cooling load by a bhootstrap process in the regenerative
heat exchanger which precogls the helium antering the turbine. In caases
where more than one ccoling vemperature is required, additional expansicn
turbines flowing in parallel asre installed acruss the two legs of the
ragenerative heat! exchanger at the appropriats temperaturs pointa.
Theoretically, unlimited refrigerator life can be provided in the hardware
deaign by means of magnetic or gas dynamic bearings for the compressor,
iurbine and slactrical motor drive.

Figure 4.24 shows a refrigerated shield/insulstion concept suitable for

an LH? storage or OTY tank. Although the cooling tubes could handle the
cold helium flow directly from the expanaion furbine, the added aysten

pressure ¢rap in the helium flow loop would seriocusly degrade refrigerator '
performance. A better arrangement would be the use of an intermediate heat
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transfer fluid pumped in a closed loop through the tank coils and a heat
exchanger at the refrigerator cooling interface. For 36'R, a good candidate
Tluid would be two-phase hydrogen, boiling in the tank c¢olls and condensing
in the interface heat exchangsr. At 150°R, a good candidate fluid would be
two-phase nitrogen.

The refrigerated shield shown in the center of the MLI blanket of Figurs
4.24 is optional, but it reduces the power requirement of the refrigerator
by 8 factor of approximately two as shown in the curves of Figure 4.25. The
increased power requirement shown for a typical 0TV atage versus a storage
tank is due to the thinner insulation blanket and larger structural heat
shorts inherent in OTVs which must transmit engine thrist loada into the
tanks.

As shown in Pigure 4.25, the refrigeration power requirements are
nodercte even for the higher OTY heat load. It can also be seen that
refrigeration of LOX is much less important than for LHZ if subcooled
propellant is provided by the orbiter. If SOC storage tanks are provided,
there is even a serious question whether refrigeration would be cost
effective in caces vhere subcooled propellants are used. Since a large
subcooled tank of LH2 could last 500 days before venting is requied,
normal usage and refilling with subcooled LHz on a 180 day turnover
cycle, should always keep the storage temperature well below boiling for a

16 peia venting pressure.
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If refrigeration waas provided, hovever, propsllant delivered tc the 0TVs
could be subcocled to & greater degree, perhapa rsducing OTV miseion boiloff
and/or insulation requirsments. Further study of OTV traffic requirenents

ia needed in order to evaluate the cost-effectiveneas of active
refrigeration.

4.5 OTY PROPELLANT STORAGE AND SYNERGISTIC INTERACTIONS WITH SOC

Incorporation of an OTV propellant depot function on SOC can provide
najor benefits ip terms of logistical flexibility and substantial reduction
in the required number of Shuttle launches. These synergistic interactions
are diagrammed in Figure 4.26 and discussed in the following subsections.

® ET PRCPELLANT RECOVERY

® ELIMINATE ROUND-OFF FLTS
o SPACE BASED OTV DESIGN

¢ REFRIGERATION

oo—
-@---.- - f OTV SIZING
/ .
s UNCOUPLED « BAY LENGTH
LOGISTICS o RESCUE STAGE REQ.
» SPACE BASING

AT TErT POANNIN o INTEGER SHUTTLE FLTS
-
Lo PER MISSION
« IMPROVE SRUTTLE
UTILIZATION /
RAPID MISSION /
RESPONSE

* M1 VALUE SERVICES
» RESOQUE

FIGURE 4.26 S50C PRCPELLANT STORAGE - SYNERGISTIC INTERACTIONS
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4.5.1 Orbiter Utilization

S0C storage of OTV propellant permits better usage of orbiter cargo
cagaeity by "pigeybacking” LOX and LKZ on orbiter flights which are
either underloaded or volume limjtyd as shown in Figure 4.18. This
propellant would be accumulated in well insulated holding tanks on SOC until
neoded for refusling. Typlcal cargo weights on non-tanking logistics
fligkts are on the order of 13,000 Kg (30,000 1b), leaving 16,000 Kg
(35,000 1b) excess capacity for propellant fill-in. In the case of LOX,
this weight can be carried in a specially designed container occcupying omnly
six feet of cargo bay length, while an LHZ tank to carry that weight
would oceupy about 15.5 M (51 faet) of bay length. PFor LOX/LHz in a 6:1
mage ratio, combined length of the two un=-neated tanks would be
approximately 4.9 M (16 feet). With low density, volume-limited cargos such
as construction materials, some of this cargo would be displaced by the
propellant container{s) but could be fitted into later flights with proper
preacheduling of SOC operations to the bensfit of overall logistics
efficiency.

Deperding on the actual logistics traffic characteristics, as many as
one-third of the total Shuttle lsunches could be saved by propellant
storage, alone. Additional savings are possible through sub-orbital
recovery of propeilant residuals from the Shuttle ET (externsl tank). As
described in the next section, these techniques combined with space-basing
of OTVa can save up to cne-half of the Shuttle launches which might
otherwise be required.

4.5.2 Uncoupled Logistics

Propellant storage on SOC greatly increases the number of payload mixing
options open to the Shuttle carge planner and subsequently improves the
flexibility of STS operations by decoupling orbiter logistica from SOC based
OTV operationas. Instead of having to break inte the Shuttle manifesting
plaa for a cluater of three, four, or possibly five closely spaced flights
in support of an MOTV mission, the propellant could be delivered to SOC on a
routine scheduled basis, thus, sasing fleet management and potentially
improving fleet utilization. It alsc eliminates any round-off flights
needed above an integer number of Shuttle launches for a given OTV mission.
The amount of propellant required for each OTV mission can vary greatly
depanding upon the amount of payload to be carried and the misaion
destination. It is further influenced by OTV size and performance
characteristica. Thus, the propellant actually required in support o the
various missions will frequently require a fractional Shuttle load of
propellants, or rournd-off flight to match their varying needs. Over the
long term thia would average to one-half of & Shuttle flight per OTV
mission. This extra one-half Shuttle flight per misasion could be eliminated
with propellant storage on the SCC.
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4.5.3 Reduction of Boiloff Losses

Because the welght or maas fraction of a SOC mounted storage tank is not
critical, as it i3 for flight hardware on an 0TV, the performance of ita
thermal insulation can be much higher through use of additional layers of
MLI and sophisticated insulation techniques. These include vapor-coocled
shielda which intercept incoming heat/leakage with the sensible enthalphy of
the boiloff vapors. Also, the surface-to-volume ratio of storage tanks can
be more favorable than for 0TV tanks by virtue of their larger size.

If subcooling of delivered propellants is used, boiloff of LH2 in a
large storage tank can he delayed for as long ss 500 days compared to 30
days maximum for typical OTV flight weight tank systems. Also, boiloff
during OTV atandby can be eliminated since missions requiring more than ons
orbiter load of propellant can initiate all tanking within a day or so prior
to OTV departure. Boiloff during a long OTV sortie can also be reduced by
using the greater initial subcoocling of propellant at the start of the
mission. Also, SOC storage can provide a convenient thermal sink for
recovery of chilldown boiloff vepors during propellant tranafer operations.

4.5.4 Rapid OTV Response

Propellant atorage can reduce OTV turnaround times and provide rapid
response capability for rescue and/or other high value OTV gervices. It
eliminates the problema associated with rapidly replanning STS manifests and
flight schedules in support of some urgent mission need. Since OTV
propellant is by far the largest logistics component required for any GEO
mission, particularly a rescue mission where the stage hardware is already
at the S0C, having immediate access to sufficient quantities of propellant
is of tremendous importance and value.

4.5.5 0TV Sizing

Another area of potential improvement which is synergistically related
to propellant storage on SOC is OTV gizing and technology enhancement. To
fully capitalize on the benefits of propellant storage on SOC tho advantages
of space-basing the OTV must be considered. Together they offer new vistaa
of performance potential for application to SOC based operations.

Space basing the OTV means it would not have to be carried into orbit
full of propellants with tank structural margins sized to boost snd/or crash
losds. Lighter weight tanks afforded by these factors along with lighter
weight insulation if refueling in orbit is done just before mission
departure {no boiloff while awaiting propellant delivery) can result in
highly efficient designs with low inert weights.

These, plus continuing advances in design techniques and materials along
with the possible use of lower T/¥Ws in recognition of the transport needs of
lightweight space structures fabricated on the S0C offer as a feasible goal,
atage mass fractions approaching 0.95 {propellant weight to atage gross
weight). Mass fractions in this range ~ombined with Isp improvements from
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continuing engine developments can have dramatic effects on OTV siging
requirementsa. Purther, carrying the space-based OTV stages to orbit empty
would allow the design of larger stages, needing only to fit within the
orbiter cargo bay length rather than be eized to the 29,500 Kg {65,000 1b)
weight capacity which is much smaller.

One possibdility introduced by these sdvances is the potential for a
common propulsive stage solution to the potentially separate needs of cargo
0TVa, manned 0TVs, and manned rescue.

Figure 4.27 interrelatea the main performance parameters involved in
this central stage commonality issue. The main parameter catagories are:
(1) delivery parformance, (2) stage characteristics, and (3) propellant
requirements. The data are keyed to the GEC rescue mission which is
expressed in terms of single stage round trip (r.t.) paylcad capability.
The graph shows the one way delivery capability (stage returns to SOC empty)
of this same atage and the r.t. capability of two of theae stages opsrated
in a tandem arrangement {both stages return to S0C, one empty and the other
with the r.t. payload). The bottom of the graph shows the propellant
requirement for this common stage design as functicns of Isp and mass
fraction. :

hs seen on the figure the one way payload is in the 20,000 to 30,000 1b
range and the r.t. payload falls ip the 15,000 1b plus range, both close to
the size ranges projrcted in various industry/government mission models for

_lsp= 450 sEC
TWO STAGE = lgp = 470
ROUND TRIP
PAYLOAD
(1000 LY iSSUE
1S THERE A PRACTICAL
SINGLE COMMON STAGE SOLUTION
N g = 450 TO THE POTENTIALLY SEPARATE
STAGE o 3 NEEDS FOR
ONE WAY 251y 470 oV
DELIVERY MOTV
PAYLOAD RESCUE
{1000 L
AND , . , CAN SPACE
RBASING HELP?
! ]
opr 4 5 & AL
SINGLE STAGE ROUND TRIPPAYLOAD (1000 LY
T
STAGE T s ESTIMATED S1ZE
PROPELLANT P NSNS
WeiGHT sof~ T~ <~ RANGE FOR RESCUE
{1000 LD s N~ I e, FrIIIT | SHUTTLE DELIVERY CAPABILITY
- -
~ - 0 S 476
~ ~p ~—
\\.g." -~ . 450
Yoo - \\ -
T Y LTI 51 FT BAY LENGTH LimIT

Sna507 N L0
FIGURE 4.27 OTV/MOTV SIZIKG
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these typss of payloads. Of perhapa even greater significance is the
¥ropellant requirements for this advanced common stage design. The high

sp and mass fraction afforded by a S0C based design permits the stage
propellant requirements to be met with a single Shuttle delivery flight... a
significant and desirable achievement.

However, if a high technology design must be deferred because of early
funding limita, SOC basing slso offers the versatility for utilizing a low
technology approach. A stage configured to fit the orbiter bay length
constraint, say 51 feet allowing for the docking module and end clearances,
could be designed to conventionsl mass fractions and I_ .8, thereby saving
development costs. This stage configuration could per?gnn the above three
types of missions.

Thus, space-basing on SO0C offers the potential for major advances in OTV
performance and at the same time provides the versatility to retain and
perhaps enhance the viability of low technology OTV design approaches.

Achievable QTV performance improvements can produce large savings in
propellant logistics costs. This is illustrated graphically in Figure
4.28. Propellant savings from 8,600 to 11,000 Kg (19,000 to 25,000 1b)
depending upon I,, are shown for & mass fractionm improvement from 0.9 to
0.95. This repregents approximately a 25% reduction in propellant delivery
flights end associated logistica. However, to achieve the full benefit of
these savings the OTV design must be interacted with the SOC deaign.
Impacts of space servicing and other SOC operations on 0TV design must be
understood and weighed against the expected performance improvements to

TWO-IDENTICAL OTV STAGES
PAYLOAD TO GEQ AND RETURN = 15,000 LR

or %0 450 SPECIFIC IMPULSE
STAGE (€0
& MASS FRACTION
g "l
=3 a0
-
z
< 0+
2
awp = 1910 25 K LB

Hd 930 r ~25%
g @
: l
e

50

PIGURE 4.28 PROPELLANT SAVINGS WITH SPACE-BASED OTV DESIGN
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produce the moat effective concepts meeting the national apace program
needs. The potential for accomplishing these objectives appears to be
emerging through S0C-0TV aynergistic interactions. Although much needs to
be studied and many technical issues must be solved, the payoff in future
benafita atrongly suggests this as a promising new arsna of atudy.

4.6 EXTERNAL TANK PROPELLANT RECOVERY }

Technigues developed in this atudy for recovery of LOX and LH2
residuals from the Shuttle ET are considered feasible and show major progranm
benefits through aynergistic interactions with other SOC functions.

4.6.1 Previous Studies

Many techniques have been proposed for recovery of LOX and LH:2
residuals from the ET in order to supplemsnt the orbiter tanker loada used
to resupply on-orbit propellant depots and space-based 0TVs. These !
approaches typically involve taking the ET into orbdit for rendezvous with :
the depot or OTY prior to tranafer of the residual ET propellant.

In the proceas, hovever, aerodynanmic drag and capillary forces will
cauas the propellants to entirely rewet the warm walls of the ET tank with
the result that all or most of the liquid would boileff in the aix hour
zero-g period prior to rendezvous. Approaches for adding ET insulation or
internal isclation tanks proved to be heavy and cost-ineffective (Reference
1). Also, the flight performancs penalties for boosting the ET to 370 KM
(200 n.mi) orbit {versus the normal 57 n.mi separation altitude) and later
de-orbiting the ET were appreciable. Because of these prodlems, ET
propellant recovery was not previously seen as attractive.

Alternate Approaches

An investigation was made into the poasibility of recovering ET
residuals during an extended sub-orbital coast prior to ET separation.
Boiloff losses would be greatly reduced by s slight settling thrust applied
after MECO to keep the propellants from lofting forward while they were
being rapidly transferred to insulated tanka in the cargo bay. Results
showed that this concept was feasible and involved little or no flight
performance losa and only a minor amount of RCS propellant for settling
impulse. The average weight of propellant recovered on & fully loaded
(29,500 Kg) SOC resupply flight was approximately 4,300 Kg (9,500 1b). For
reduced cargo loads, much more ET propellant would he available. . . almest
pound. for pound.

Trajectory Modifications

The Shuttle ascent trajectory is conatrained primarily by the
requirement to aim the empty ET for impact in a safe target area and at the
aame time satisfy abort safety requirements. Aa such, the orbiter with ita
external tank does not hurn to a propellant depletion cutoff but to a
guidance cutoff. For the Basic Reference Misuion {BRM), which is the one .
closest to a fully loaded SOC resupply flight, launch is due easst from KSC |
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with ET separation a few seconds after MECO (main engine cutoff) at an
altitude of ~ 105 KM (57 n.mi). OMS I burn starts a short while later and
injecta the orbiter into a "275 x 90 KN (150 x 50 n.mi} orbit. OMS II burm
occurs near apogee and circularizes the orbit at 275 x 275 KM

(150 x 150 n.mi). For a worst case SOC resupply, OMS I and II burns would
both be extended to achieve a circular orbit of approximately 425 KM

(230 n.mi) and will require full loading of the integral OMS tanks.

The Indian Ocean was chosen as the target ET impact area chiefly because
of its proximity, small impact footprint and low density of ship traffic.
However, because of the flat tradeoff between gravity losses and drag losses
in the ascent trajectory, it appears that little or no flight performance
would be lost by using a steeper ascent profile in order to target the ET
for the Pacific rather than the Indian Ocesn. Although the impact footprint
would be larger and ship traffic might be heavier, this is not seen as a
serious drawback. As shown in Figure 4.29, this would permit approximately
20 minutes aub-orbital coast of a mated orbiter/ET in a low drag environment
during which propellant recovery could be accomplished. 20 minutes of RCS
gsettling thrust at an average level of 445 N (100 1bf) would require
approximately 200 Kg (450 1b) of propellant of which perhaps one-half would
be effective in increasing orbiter AV, thereby reducing the OMS propellent
required to reach final orbit. Two of the more promising system options for
providing settling thrust are as follows:

AVAILABLE RESIDUALS - LB EXTRA VOLUME

PROVIDED FOR

FPR* S000 RESIDUALS
" LH, MAS 00 R
£ TRAPPED 850
MPS PLUMBING 1800
TOTAL 9550 (£ FPRO
NOTE: UP TO 40,000 LB ADDITIONAL -
RESIDUALS IF ORBITER UNDERLOADED

SRAGHT FERFORMANCE
RESEXVE 20 MINUTE ADDED COAST TO XFER

RESIDUALS TO CARGO BAY TANKS (PRESS, FED)
10 ORMT —==

OMS BURN

PROPOSED TRAJECTORIES
(NO SIGNIFICANT LOSS OF

—_—

CURRENT PERFORMANCE
RIES
\\ruuuno ~
~ ™~
N ™~
ET RE -~ ENTRY
\ AN
\ e \

K5C AFRICA INDIAN AUSTRALIA PACIFIC
QCEAN OCEAN

FIGURE 4.29 MODIFIED TRAJECTORY CORCEPT FOR ET PROPELLANT RECOVERY
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o Addition of throttling rapability to two or more of the present aft -

firing RCS thruastera on the orbiter

[+ Addition of two or more vernier RCS engines on the orbiter in an
aft~-firing direction.

Aerodynamic drag at MECO is approximately equal to the thrust of one RCS
engice (3870 N or 870 1b) and would rapidly decline as higher altitudes are
reached in the mated sub-orbital coast period. Initially, two RCS thrusters
would be used to settle and atabilize the ET propellant surfaces. If
throttling capability is provided, their thrust would gradually be reduced
to about 220 N (50 1b) total as aerodynamic drag decreases. If six vernier
RCS engines are provided in an aft firing position, the thrust would be
decreased in steps from 7700 to 3900 to 630 to 440 to 220 N (1740 to
48 1b). Attitude control would be provided in the normal manner by the
orbiter RCS aystem.

Recovery Concepts for Dedicated Tanker Flights

On a fully loaded {29,500 Kg) orbiter tanker flight, ET propellant
residuals at MECO can range from 1600 Kg to 7000 Kg (4300 Kg average)
depending on random variations in Shuttle flight psrformance and booat
environments. The regular LOX and L¥2 resupply tanks mounted in the
cargo buy can be oversized to leave room for the higher figure
(~ 36,000 Kg total) by increasing the combined length of the 7.9 M (26 ft)
tank assembly by approximately 1.5 M (5 ft). Preliminary analysis shows
that this propellant can be transferred through a pair of 6.3 cm (2.5 inch)
diameter lines in " 15 minutes using only the pressure difference between
the ET ullage gases and the vapor presaure i~ 16 psia) of the propellants
in the cargo bay tanks.

Each 6.3 cm diameter transfer line would tap into the SSME feedline
Plumbing in the orbiter engine compartment, pass through the cargo bay aft
bulkhead and terminate in specisl diacharge ports located in the resupply
tanks so as to mix the tranaferred residuals thoroughly into the propellant
bulkhead. Redundant isolation valving and electrical inhibit circuitry
would be installed to preclude flow into or out of the SSME feedline
manifolds prior to MECO.

During at least part of the transfer, propellant enterin~ the receiver
tank would be a two-phase liquid/vapor mixture, especially at the start due
to tranafer line chilldown and toward the end due to temperature
stratification in the ET residuals. The vapor phase, however, would be
readily condensed by mixing into the bulk propellant with the aid of
appropriate jets in the receiver tank. At some point, depletion of the
residuals would occur and most ¢f the flow would be ET ullage vapors which
would continue to be absorbed by condensation until the heating effect in
the propellant bulk causes its own vapor pressure to approach that in the ET
ullage. Inatead of relying aolely on the ET ullsge pressures for transfer
of residuals, boost pumps capable of handling two-phase flow could be used
to expedite the transfer snd/or permit use of smaller transfer lines.
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During the sbove transfer process, heat soaking into the SSME feedline
and plumbing will cause propellant trapped there to gradually btoil and expel
a two-phase mixture into the main transfer atream. After ET separation,
this cryopumping process in the engine plumbing will continue to force
two-phase propellant flow into the cargo bay tanks. The acceleration
provided during OMS I and II burms can help to tranafer liquid in preference
to vapor. On thia basis, it may be possible to cryopump say 95% of the
trappsd engine propellants into the cargo bay tanks before SOC rendezvous or
before the pressure limit of the receiver tank is reached. Thia could make
overboard dumping of the normally trapped engine propellants unnecessary
except for the minor amounts left after cloaing the tranafer linea to the
cargo bay. Depending on the amount remaining, it may be necessary to add a
small hydrogen overboard bleed line to avoid opening the main LH2 valves
in the SSMEs to accomplish hydrogen dump and thereby overspesd the unlcaded
turbopumps.

Tranafer Concepts for Mixed Cargo Flightas

As discusaed in Section 4.4.5 on SOC propellant atorage, most
non~tanking orbiter flights tend to be underloaded or volume limited. This
permits the installation of an additional propellant supply tank(s) in the
carge bay to allow utilization of excess payload capacity, thu2 saving a
significant proportion of Shuttle launches. In the rare cass where &
non-tanking flight was loaded to its weight 1limit (29,500 Kg) with very
dense carge such as coils of aluminum rheet for bheam construction, it would
still pay to include an emzty propellant catch tank in the cargo bay for the
sole purpose of recovering the ET residuals after MECO. Figure 4.30 shows a
compact toroidal tank design which can hold approvimately 11,000 Kg
(24,000 1b) of LOX/LH2 at 6:1 and still fit within the 2.7 M (9 ft)
length of a standard OMS kit. This could easily handle the extreme ET
residual weight of 7,000 Kg (15,500 1b) at a mixture ratio as low as 3.5 to
1. For the more typical non-tanker flight having a 14,000 Kg (30,000 1b)
cargo and 15,500 Kg (35,000 1b) excess capacity, either a full sized or a
somewhat smaller resupply tank assembly could be used. The minimum capacity
of such an assembly should be about 25,000 Kg (55,000 1b} at 6:1 mixture
ratio. If its inert weight is 1,360 Kg (3,000 1b), it would be loaded with
14,500 Kg (32,000 1b) of propellant at launch, leaving 10,400 Kg (23,000 1b)
capacity to accept the extreme cases of ET residuals which would he 7,000 Kg
(15,500 1b) at either 4:1 or 9:1 mixture ratio. One option would be to use
two of the catch tanks of Figure 4.30 with a total capacity of 22,00C Kg
(48,000 1b) at 6:1 or catch tanks of a slightly longer design, 3 M instead
of 2.7 M (10 ft instead of 9 ft), giving them a combined capacity of
25,000 Kg. OCne full sized tank and two identical catch tanks could then
efficiently handle almost every cargo mixing case and still provide spare
tank capacity for recovery of the extreme ET residual weight.

In the rare case where the catch tank is launched dry because all
orbiter capacity is used by high dersity non-propellant cargo, special
procedures deacribed in the next subsection are neceasary to tranafer the ET
residuals. This is chiefly because there is no initial liquid bulk present
in the receiver tank to condense the vapor phase of the incoming flow.
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FIGURE 4.30 ET PROPELLANT CATCH TANK CONCEPT

Benefits From "Dry-Launched” Supply Tanka

On all tanking flights, even when fully loaded to maximum 65K 1b cargo
capacity, the option exists of launching with the supply tank empty and
filling it after MECO with the extra propellant (almost pound for pound)

left in the ET.

Although this approach would impose a small penalty in the

amount of propellant delivered to SOC, it can provide several major benefits
in terms of abort safety, system simrlification, ground operations and CTV
evolution, as follows:

0

Orbiter Engine-Out Capability - With the propellant supply tank
empty, the orbiter would be launched unloaded by about 28,000 Kg
{62,000 1b) and substantially earlier engine-cut times could be
tolerated for RTLS and AOA abort, and alse for SOC rendezvous. In
the latter case the propellant load delivered would be reduced but
the resupply mission woulé not be entirely lost. The corollary
option of liaunching with the supply tenk full and feeding the
orbiter Main Propulsion System (MPS} in case of an engine-out
condition is not recommended because of the system complexity,
reliabllity and safety problems invilved, and the large transfer
lines required to feed the cperating engines.
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Abort Safety - If an RTLS or contingency orbit is requizad, the
propollant supply tank would already be empty and no rapld dumping
or ¢rash landing with propellants aboard would be needed.

System Simplification - No provisions for emergency dumping of
propellant would be required with attendant large line sizes, wuomp
port connecticns, an emergency helium pressurization system, wake
recirdulation problems, etc. Figure 4.31 showa the complex
provisions reqnuired for a aimilar situation of transporting a
loaded Centaur stage in the orbite—.

During ground operations no cryogenic f£ill/drain/vent s, stem would
be required for the supply tank, ard nc purge bag or helium flow
would be required for the supply tank MLI insulation.
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PIGURE 4.31 CENTAUR INSTALLATIOR FEATURES IN ORBITER BAY
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o Inert Weight Reduction - In addition to eliminating the system
weight items mentioned above, the structural weight or the supply
tank and its elaborate mounting provisions in the cargoe bay could
be greatly reduced due to the absence of internal propellant mass
during launch or crash landing conditions. A slight gas pressure
of 3 psig would be used in the tanks at lasunch to provide pressure
stiffenirg of the tarnk and prevent fluttering of its walls in the
3huttla acoustic environment.

o QTV Benefica = Where ground-based OTVs such as Centaur are
carried in the orbiter, all of the above advantages in crew safety
and system mimplification would also apply. If new-generation
ground-based OTVs are built, their mass fraction can be made equal
to that of a space-based OTV by the adove reductions in structural
weight. The sane UTV design could later be used for space-based
0TVa, thereby proviiing anoth>r avolutionary option for SOC. Also,
whenever space-bared 0TVs are transported to SOC, they can be
filled after NECO and delivered in a full condition, thereby saving
a later orbiter tanking flight.

Moet of the advantages obtainable with dry launching also apply in cases
of cargo mixing where s partial load of propellant is added to the cargo
manifest to utilize the full capacity of the orbiter.

Trajectory Molifications Required

A dedicatei tarker flight with a dry-launched supply tank can involve
the transfer of up to 36,000 Kg {80,000 1b) of propellant from the ET after
MECO, compared to 7,000 Kg (15,500 1b) maximum for a “wet" launched case.
The most promising option for transferring this increased amount of
propelliant is to increase the mated sub-orbital cosat period frem 20 minutes
to approximately S50 minutes by targeting the ET for a2 “once-around” impact
in the Atlantic Ocean rather thkan the Pacific Ocean. Transfer flow rates
would alsoc be increasel by enlarging the transfer line size from 6.3 cm
(2.5 inch) diesmeter to ~ 8.9 cm (v 3.5 inch) diameter.

Once-around impact in the Atlantic could be accompliahed by modifying
the Shuttle ascent trajectory to inject the orbiter/ET combination into a
low elliptical orbit at MECO with its perigee such that ET re-entry and
impact would occur in the target area. The additional 4V required woul!
come out of the 28,000 Kg (62,020 1b) or so of useable residuals left in the
ET from lasunching the orbiter in an unloaded condition. Part of the
additional AV required would come from the RCS settling thrust needed to
position the ET propellants over the tank outlets during the 50 minute
transfer period. As previously deacribed, the RCS aystem modifications
required for this task are fairly =minor. If an average RCS thrust of 445 K
(100 1bf) is provided for 50 minutes, the propellant consumed would be
approrimately 500 Kg (1100 1b), providing an additional 4.5 Mps (15 fps} of
orbiter AV, assumizg that one-half of the impulse is loat to orbital drag
and acceleration ¢f the ET inert weight. No problem is seen with the
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present total capacity of the aft RCS tanks and OMS integral tanka
{interconnected) since the main Shuttle engines will provide a higher
initial orbit at MECO than for a normal SOC rendezvous mission.

Although the present OMS and RCS aystems are capable of taking an empty
ET to orbit, attitude control with 29,000 - 35,000 Kg of propellant inside
the ET may require modification of the RCS software and/or realignment of
the aft firing RCS engine thrust vectors to accommodate the new c.g.
conditions. Prior to releasing the ET for re-entry, a small amount of RCS
or OMS impulse may be desireable for final aiming of the ET into the impact
target area. This would be followed by an orbiter pull-up maneuver during
OMS I burn which establishes the final orbit apogee and then an OMS II bumm
for circularization. The overall flight performance penalty of the above
flight sequeace is believed to be relatively minor, but detailed ansliysia is
required to confirm this.

Special Tranafer Procedures

Propellant transfer jinto & dry tank is essentially the same as described
earlier for a "vwet" tank, except tkat the chilldown boiloeff vapors cannot be
absorbed and must be vented overboard. High velocity swirl jets direct the
incoming two-phase flow tangentially so as to convert the tank into a
combiration centrifugal liquid/vapor separator and flash-chamber subcooler.
¥hen the tank is chilled and an initial mass of subcooled liquid is present
to act as a thermal sink, venting is storpsd and the incoming two-phase flow
is absorbed by mixing and condensation with the subcooled contenta. P
Transfer can continue untii the ingestion and condensation of ET ullage
vapor causes enough heating of the propellant bulk to exert a vapor pressure
which equals the ET ullage pressure. If thermal analysis shows that a high
recovery of liquid ET propellant is not posaible, a boost pump capable of
handling two-phase flow could be activated to supplement the transfer up to
the preasure limit of the receiver tank.

Overall Evaluation of Dry-Launch Method

Other factors being equal, dry launch of a dedicated full-si-ed
propellant supply tank would reduce the propellant delivered to SOC by about
1,700 Kg (3,700 1b), since the conversion factor of orbiter weight to ET
residual is approximately 0.94. Most of this penalty, however, could be
offset by reductions in the inert weight of the orbiter tank and its
supporting cradles, and elimination of the emergency prescurization and dump
aystem descrited earlier. Another drawback for dry-launcking is the
inability to deliver deeply subccoled propellanis. These can be aubcooled,
however, after delivery if active refrigeration is providrd on SOC.

In apite of such drawbacks, it appears that the advantages of abort H
aafaty, system simplificution and OTV performance improvements listed
earlier could weigh decisively in favor of using the dry launch approach for
propellant resupply and OTV transport. 1
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Technology Assessment of ET Propellant Recovery

The development risks invelved in the various techniques described in
this report for transferring propsllant from the ET, are considered to be
relatively low. A moderate esmount of ground testing and some subscale low-g
or zero-g teating will be required to verify psrformance of the swirl jet
and mixing nozzle aystem design. Such testing should be considered for
inclusion in any future in-orbit fluid transfer testing such as the LeRC 100
1b LH2 transfer experiment planned as an orbiter payload.

4.7 OVERALL LOGISTIC SAVINGS ;

Preceding sections discussed ihree major areas of space operationsa
logistic savings made puasible by SOC.

o Propellant Storage

o Recovery of ET Propellant Residuals

o Space-Based Versus Ground-Based 0TVs

Because of synergistic interactions with S0C these factors have the
potential of saving up to one-half of the Shuttle flights otherwise required
for SOC operations. i

Figure 4.32 illustrates a moderate application of these factors and
shows the overall savings which would result for a sample SOC traffic model
in the 1990-1995 time frame. A total of 14 Shuttle launches {not counting
OTV mission round-off flights) are shown representing typical yearly STS
requirements for mormal SOC supply operations.

Four resupply leunches are assumed st 90-day intervals for transporting

four logistic modules weighing approrimately 9,000 Kg (20,000 1b) each. :
These flights are neither weight limited nor volume limited, and recovery of . s
11,000 Kg (24,000 1b) of ET propellant residuals per flight is assumed 1
through use of g single catch tank in the carge bay as shown in i <
Figure 4.30. This assumption is conservative since there would probably be
room for two catch tanks or even a full-sized propellant tank assembly

{28,000 Kg capacity) which could be pre-loaded with 19,000 Kg of propellant ]
makeup, a total 29,500 Kg cargo and recover an additionsal 4,000 Kg of ET 1
residuals. ' ]

Three launches of low density construction materials are assumed per
year, but no ET propellant recovery ias credited because the cargo is volume
limited. This also is conservative because it would be possible to split
that cargo up among four or more launches, leaving room for propsllant
tankage to bring all the carge loads to a full 29,500 Kg and still recover
an additional 4,000 Kg of ET residuals per flight.

One MOTV mission is assumed per year supported by four Shuttle launchea : j

leoaded to 29,500 Kg, containing three and a half tanker loads and a manned ) )
OTV payload capsule. With such high density cargo, room is availabdle for a '
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EXAMPLE TRAFFIC MODEL (ONE YEAR

1 MOTV MISSION 3 OTV MISSIONS
CONST
SOC RESUPPLY o Ce
B oo |ECT =
Ce=
J’ f J’ JJJ’ J’ ”j ijj
4 LAUNCHES 3 LAUNCHES 4 LAUNCHES 3 LAUNGCHES
SEXTERNAL VOLUME @ EXTERNAL o EXTERNAL
TANK PROPELLANT LIMITED ' TANK PROPELLANT FANK FROFELLANT
RECOVERY RECOVERY RECOVERY
24,000 LI/ALT *NO SAVINGS 9,000 L&/RLT #,000 LA/ALT
Tdw, = 9,000 L8 Taw, =0 ®SPAGE BASED OTV STRUCT  #5SPACE BASED OTV STRUCT
© 840,000 LI/MISSICN 420,000 LW/FLT
S MISSION ROUND OFF & MISSION ROUND OFF
TOTAL &AW, = 259,000 LB 2 4 SHUTTLE FLTS 1/2 SHUTTLE FLT 1-1/2 SHUTTLE FLTS
MISSION ROUNDOFF 2 2 SHUTTLE RLTS Tawp = 76,000 L8 Taw, =67,000 L8

SPACE BASING SAVES 4 TO 8 SHUTTLE FLTS
QUT OF 14 TO 18 = 30% LOGISTICS SAVINGS

FIGURE 4.32 POTENTIAL LOGISTICS SAVINGS - S0C BASED OTV

“catch tank™ to recover 4,000 Kg average of ET propellants per launch.
Credit is taken for 18,000 Kg of MOTV propellant requirement saved by use of
space-based MOTVa. This is based on an MOTV mass fraction approaching 0.95
versus 0.90 for the typical ground-based design which must withatand the
harsh structural dynamic loads of launching with propellants in its tanks.

Three unmanned OTY misaions were assumed in Figure 4.32, each supported
by a full tanker load of propellants and recovering an additional 4,000 Kg
of ET reaiduals. A 9,000 Kg saving in the propellant required for each 0TV

mission was taken, based on a space-based OTV mass fraction of 0.95 versus
0.90 for ground-based designs.

The total prepellant savinga shown in FPigure 4.32 is 117,000 Kg or
approxizately four Shuttle flights' worth. In addition, one-half of a
mission round-off flight was assumed saved for each 0TV and MOTV miasion,
resulting in additional savings of two flights per year. ased or this
application of techniques, it is seen that four to six Shuttle launches out
of 14 to 18 (approximately 30%) can be saved in the traffic model of
Figure 4.32. Using all of the available techniques discussed earlier,
overall savings could approach 50%. No serious technical difficulties in
achieving such results are foreseen, and further study is recommended.
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4.8 RESUPPLY QF NON-CRYQGENIC FLUIDS

General techniques were studied for resupply of SOC non-cryogenic fluida

such as hydrazine, water, fluorocarbons and helium. This anslysis took into
account the factors of:

0 Usage Rate
o Vapor Preasure at Storage Temperature
o Toxicity and Contamination Characterigtics

o  Safety Issuos

In general, fluid transfer through disconnect fittings into permanent
SOC tankage is preferred for largc resupply requirements such aa hydrazine,
while container replacement is recommended for smaller anocurta. In either
case, dilapkragmed tants operating in the blowdown mode appear to provide the
aimpleat and most practical means of storage, gusging and diastribution for
S0C fluid systems. Typical spacecraft hydracine systems usze a 3:1 blowdown
pressure ratio in which the tankage is initially filled to 2/3 capacity with
the remaiaing 1/3 volume pressurized with GN2 to ~ 2.4 x 10¢ N/n?
{350 pai). Capillary-type liquid acquisition devices can be used instead of
expulsion diaphragms; however, close monitoring of the tank liquid quantity
i8 necessary to prevent entry of pressurant gas into the downstream system
at liquid depletion. Simple PVT (pressure, volume, temperature) tank
guaging methods should be adequate in any case.

Where replacement of tanks is used for fluid resupply, manifolding of
two or more tanks in the SOC fluid system {along with isolation valves) is
recommended for redundancy. Plumbing, valves, tanks and diaconnects should
be installed externally to the habitability modules and other enclosed areas
to mirimize hazards for leakage and spillage. Use of the RCM with EVA
operation of disconnect fittings, is recommended for tank replacement. The
empty containers can be used for fluid waste disposal and/or returned to
earth. Another option is to reprocess them in orbit as raw construction

materiala, or connect them together to form structural elemsents such as
strongbacks, columns, etc.

In the special case of resupplying high vapor pressure liquids such as
fluorocarbons or refrigerants, no pressurizing source is usually required
other than the vapor pressure of the fluid itself. Also, if the fluid is
not needed immediately in the vapor-free liquid state, no expulsion
diaphragms or zero-g capilla~y devices are necessary.

No special procedures are required for resupply of gases other than
normal safety precautions. Transfer can bte accomplished by & simple
tank-to-tank blowdown procedure, or can be aided by a SOC-mounted gas
compressor to save weight in the orbiter supply tank(s).
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4.8.1 Hydrazine Resupplv System Design

Hydruzzine resupply requirements for SOC are estimated to be on the order
of 2,300 Kg (5,000 1b) .or 90 days of usags, which includes SOC attitude
control, orbit makeup and OTV requirements at the flight support facility.
The task of resupp.-iug hydrazine in-orbit has been analyzed in depth by
Rockwell under a GSFC atudy for refueling MMS spacecraft, as reported in
Reference 5. The design resupply requirement for this study was also for
2,300 Kg of hydrazine, and the basic system analysis and concepts are
considered to apply closely %o SOC.

Safety Considerations

The basic safety requirements for hydrazine resupply are covered in NASA
Handbook 1700.7 (Referenca 4). In addition to the general safety policies
outlined for cryogenic propellants in Subsection 4.4.4 of this report,
special design and operating procedures will be provided to insure that
propellant detonation can not occur due to rapid adiabatic compression of
hydrazine vapors.

Basic Transfer Methods

The principal means avaiiable for transferring hydrazine propellant
in-orbit are:

l. Pressurized Transfer

0 Single Stagé Blowdown

o Multi-Stage Blowdown

o Regulated Pressure Expulsion
2. Pumped Transfer

o Ullage Compression

o Ullage Displacement

These concepts are shown schematically in Figure 4.33 for refueling a
blowdown type aspac~craft (5/C) receiver tank having a maximum working
pressure of 2.4 x 10° N/M? (350 psi}. The single stage blowdown concept
(a) is the simplest but requires the highest working pressure for the
hydrazine supply tank of the ORS (Orbital Refueling System). The
multi-stage blowdown system (b) is better in this respect but requires
considerable redundant valving and a complex procedure for safe operation.
The regulated pressure system (c} and pumped transfer system (d) are both
moderate-weight, straightforward concepts. The ullage displacement pumped
transfer concept (&) i3 often proposed for zero-g application but is complex
and has no inherent advantages for refueling a blowdown type receiver tank.
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(C) RE GULATED PRESSURE TRANSFER !
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$/C ]
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I ASPIRATOR
1
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{D) CONVENTIONAL PUMPED TRANSFER (E) ULLAGE DISPLACEMENT PUMPED TRANSFER

FIGURE 4.33 CANDIDATE PROPELLANT TRANSFER METHODS

It was therefore eliminated from further consideration. An ROM system
weight and cost comparisor was performed for the remaining four concepts as
shown in Table 4.2. This included separate evaluations for each of the .
candidate supply tank designs shown in Figure 4.34. Although the pumped
transfer concept gave the lightest system, poor pump development status and
electrical power requiremenits were seen as significant drawbacks.
Conaidering all factors,tne regulated pressurized transfer concept was
selected as having the best combination of weight, cost, reliability,
safety, development status and cperationrnal simplicity.

Tankage Selecticn

Figure 4.35 excerpted from Reference 5 shows a regulated pressure
transfer refueling system installed in one of three orbiter cradles planned
for servicing and/or transporting a MK II MMS spacecraft. The refueling
disconnect is mounted on the docking ring it the center cradle. The five
TDRSS hydrazine supply tanks (450 Kg or 1,000 1lb capacity each) have
diaphragms, which greatly simplifies ground and orbital transfer operation.
An alternate tankage design is shown in Figure 4.36 using four V0-75 (Viking
Orbiter) tanks (680 Kg or 1,500 1b capacity each). Although this tank is
not presently equipped with a diaphragm, the supplier (PS1) considers that
tank to be state-of-the~-art and has offered to develop one on a nominal
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fixed-cz 1t basis. Rcom is available within the orbiter 4.€ X (15 ft)
diameter envelope to add four more V0-75 tanks and associated GN2 bottles
within the same cr: iJe length. This would allow carrying a 180 day supply
in one trip if ‘'." ls desired. In any case, the SOC storage tankage would
be sized for 180 caya capacity and could use the same diaphragmed tanks as
the resupply aystem. An alternative way to the use of z dedicated orbditer
cradle would be to mount the resupply tanka on the SOC logistics module
itself. Although use of a single Shuttle OMS tank or an LMSC tank ia
possible, they are not recommended because they are awkward to install in
the cargo bay and diaphragms of that sige are not atate-of-the-art.
Capillary devices would have decided disadvantages in this application since
multiple cutlets must be provided four draining in both the vertical {launch)
and horizontal (landed) positions.

Instead of an emergency overboard dump system for abort situations,
which may involve the considerable expense of & dedicated dump port on the
orbiter, it is recommended that the tank installation be de=xigned to
withatand emergency landing loads with propellants contained. Although a
peak cargo bay temperature of 200°F can occur after abort landing at a ’
contingency field, this will not overpressurize the tanks, since they will
be launched unpressurized and the vapor pressure of hydrazine is relatively
low. .

Refueling Disconnect Design

An industry survey was made during the preparation of Reference 5 to
identify existing disconnect hardware suitable for hydrazine refueling in
orbit. The best design found was the LEM (lunar Excursion Module) glycol
disconnect shown in Figure 4.37, which can be adapted te SOC hydrazine
requirements with minor modification. This would consist chiefly of
changing the elastomer seal material to hydrazine compatible EPR (ethylene
propylene rubber). The disconrect line size (0.95 cm or 3/8 inch o.d.) and
flow capacity are adequate to transfer 2,300 Kg (5,000 1b) of h{drazine in
two hours, using a regulated pressure transfer at 2.5 x 10° ¥/%

(370 psi).

The disconnect of Figure 4.37 has gelf-sealing poppets in both halves
which are opened when the halves are forced together. Angular misslignments
can be tolerated and there is no integral latching mechanism which could
malfunction and thereby prevent disengagemeant. The disconnect halves can be
mounted in retracted position on the orbiter/SOC docking interface and
engaged remotely by a separate actuator such as the existing MMS umbilical
drive mechanism shown in Figure 4.38. 1Its reliability features include an
over center locking mechanism and a redundant electrical motor drive. In
the event of a malfunction the drive base can be demounted with standard EVA
tools to effact safe disengagement of the disconnect halves. Redundant
shutoff valves are provided on both sides of the disconnect for leak
protection.

Hvdrazine Transfer Procedures

Prior to orbiter/SOC docking, the redundant isolation shutoff valves
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. DRIVE GEAR

CONNECTOR ACTUATOR MECHANISM
FIGURE 4.38 UMBILICAL ACTUATOR DRIVE MECHANISM

next to each disconnect half are in the closed position and both halves of
the disconnect are evacuated. After docking, the retracted half on the S0C
side i3 moved by the remote drive mechanisr to fully engage the two
evacuated halves. The outer jnterface seal is then leak tested with

GN2 through a test port provided on the SOC half. After this test, one

of the isolation valves in the mein flow line is opened admitting a small
alug of hydrazine into the disconnect, and any leakage through the inner
interface seal is satopped by the outer seal and detected at the gas teat
port. After this test is passed, the supply tanks are pressurized to ,
approximately 2.5 x 10° N/K® (370 psi) and the remaining shutoff valves ‘
near the disconnect halves are opened, gllowing hydrazine to transfer iato '
the SOC receiver tanks whose pressure can be as low as 6.9 x 10% N/M?

(100 psi) after blowdown to an empty condition (versus 2.4 x 10® N/M?

when fully loaded). As transfer takes place, the ullage trapped above the

diephragms of the S0OC receiver tanks is compressed and the heat of

compression must be diasipated into the tank and liquid bulk before complete

transfer can take place at the supply pressure of 2.5 x 10° N/%%*. The

completion of transfer can be verified by use of integrating-type flowmeters

and/or receiver tank pressure/temperature data. Isolation valves should be

provided for each of the individual receiver tanks and supply tanks to

permit isolation of any leaks and permit individual maintenance or tank

replacement. Also, this provides the flexibility of loading or depleting

the tanks independently as well a3a tegether. In any case, no damage will

result from full system pressure across the diaphragms in either direction.
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After completion of tranafer, the disconnect isolation valves are closed
and the diaconnect halves evacuated by opening a bleed line leading to a i
remote balanced-thrust veanting nozzle at a safe location on SO0C. The SOC :
disconnect half is then retracted and the orbiter supply system secured. !
Because hydrazine freezes at approximately 35°F, either heaters or passive
thermali control must be provided for all lines and tankage.

4.9 ZERJ-G GAGING
A survey was made of the principal zero-g propellant guagirg techniques
that could be utilized for SOC. There are listed below in approximate order
of development statusa:
° PVT (pressure, voclume temperature)

o Kuclear Gaging

o RF (radio frequency)

o Acoustic Resonance
0 Ullage Coupliance
o Capacitance {electrical) Gaging

o Fiber-Optica

The use of settling thruat to facilitate fluid guaging was ruled out
because of potential interference with other 50C oparations. For any fluid
exerting a low vapor pressure at its typical storage temperature (hydrazine,
water, etc.), the most practical and proven guaging method is FPVT,
regardless of whether diaphragms or capillary devices are used for fluid
positioning. In the full-tank condition, system accuracy can be as gocd as
0.5% with sophisticated instrumentation and datas processing techniques.
Where high vapor pressures are encountered (as with cryogenic fluids) the
PVT method, &8s normally defined, cannct be used because of large errors
introduced by mass-transfer (nondensa<icn and evaporation) into and cut
ofthe ullage space. Of the remaining methods, nuclear (gamma-ray
absorption) guaging is the only one developed to the prototype stage. This
method, however, is electronically comnlex, has been plagued by stubborn
reliatility problems and requires apecial safety procedures for handling the
radiocactive sources which are installed on the tank walla. The RF method
uses a radio frequency antenna mounted inside the tank, along with
asaociated electronic equipment tu determine the number of RF modes or
resonant frequencies in the tank as an index of fluid mass. Overall syatem
accuracy appears to be 2-3%.

The acoustic resonance method {shown in FPigure 4.39) uses an
electromechanical transponder or speaker/microphoze in a frequency sweep to
determine the fundamental resonant acoustic frequency of the
vapor/liquid/tank combination. The dominant facter in determining this
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FIGURE 4.39 ZERC-G CRYOGENIC TANK GAUGING AND
PROPELLANT POSITIONING SYSTEM

rasonant frequency is the vapor volume, frum which the liquid mass can be
inferred if the tank volume is known. Propellant guaging accuracy is best
in the full-tank condition and ¢an be as low as 0.3% if all the vapor is
located in a single ullage bubble in a specific positiun, and presaure and
temperature of the ullsge vapor are also known (assumed equal to the
liquid). These requirements can be provided by the type of capillary
propellant acquisition system shown ir Figure 4.39, where capillacsy vanes
and oven wicking channels {not screen channels) are used to locate
propellant at the liquid outlet and thereby displace the vapor bibbles to
the vapor outlet or ventr port at the opposite end of the tank. More
positive positioning of the ullage space can also be provided by inducing a
slight awirling action in the liquid (stronger at the vent port end of the
tank) which introduces centrifugal forces, buoyancy, and axial cireulation
patterns in the iiquid to carry stray bubbles to the ullage space at the
vent outlet. Tha power requirements of the swirl-jet recirculatiou pump and
{t3 mechanical heat input to the liquid are negligible. Normally, the swirl
action is required only during tank filling and later at infrequent
intervals when it ia deaired to verify the propellant quantity, induce bulk
nixing to break up temperature stratification, accurately sense bulk
temperature in the tank, or prevent abnormal pressure buildup from bubbles
generated at the wall by heat leakage through the tank thermal insulation.
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Altk-~ugh the ullage compliance method can use equipment similar to the
acoustic resonanca method, its operating principal is not resonant frequency
detection but measurement of tank pressure oscillations caused by known
perturbations of tank volume. As with the acouatic resonance method,
ac:uracy is best for the full-tank condition and can be as low as 0.3 if
tank pressure and temperature are krown and the vapor phase is contained in
& single bukble. Tank volume perturbations for the ullage compliance method
can be provided by several simple techniques:

o Piston or diaphragm displacement
¢ VYenting liquid-free vapor into a small evacuated volume
o Injection of known quantitiea oi liquid or inert gas irto the tank

It is important that the vapor phase not be dispersed in amall bubbles
and that the volume perturbations be accomplished quickly (<0.5 sec), to
minirize errors resulting from evaporation or condensation at the ulliage
surface.

Gaging by elactrical cepacitance methouds in a zerc-g tank reqiires that
the electrodes be extremely large (approximately 1/3 of tank wall area),
which introduces & weight and mounting problem even if the electrode panels
are bonded to ‘he inside tank wall. Capacitance guaging systems are
notoriously tempermental and sensitive to electronic drift and to minor
diaturbances such 28 low level EMI, dents, kinks, moisture and other factors
which induce changes in the dielectrie ol its coaxial cabling and
connactiors.

Fibver-optic discrete-level sensors have been daveloped for use in
positive-g environments, and have the safety advantage of not introducing
electrical power into the tank. Their operating principle relies on an
increase in the refractive jindex outside the fiber when immersed in liquid,
which permits increassd leakage of internally transmitted light rays. These
sensors are undependable in zero-g, however, becsuse droplets can ¢ling to
the small fiber-optic sersing surface.

anl summary, it is recommended that {luids having a luw vapor pressure
such es hydrazine or water be guaged by the PVT method. For high vapor
pressure fluids such as cryogenica, the development of acoustic resonance
techniques, in conjunction with presently plsnned zero-g cryogenic fluid
transfer oxperimernts, is recommended. Logical choices for fall-tack
techniques would “e the ullage compliance and RF methods. Integrating-type
flovmeters can provide a useful crosscheck for any guaging system by keeping
a running inventory of fluid entering or leaving a given tank.

4.10 FLUID RESUPPLY - SHUTTLE INTERACTIONS

Resupply of fluids for SOC impacts many areas of STS design and
cperations, e.y., ground facilities, orbiter design, logistics, prelsunch
operationa, boost, avort safety, ortital coast, docking and lending. Some
of the principle considerations are discussed as follows:
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Safety Reliability Considerations .

As discussed in Sections 4.4.4 and 4.8.1, the transport and transfer of
LOX, LH» and hydrazine propellants introduce a numbsr of potential hazards
in the areas of crew safety and mission reliability and require asjpecial
design provisions and cperating procedures. The controlling document for
Shuttle paylosd safety requirements is NASA HandlLook 1700.7 (Refsrence 4),
which sets forth specific requirements and general guidelines. Some of the
key areas are:

0 Erergency Landing - Propellant tankage installed in the orbiter
shall be capable of landing saiely with propellant contained, under
the 4.5g deaign load factors specified for emergency or abort
landing in HdB 1700.7; or mesns shall bes provided for safely
dumping the propellants overboard pricr to such landing. The
propellant aystem and tankage should be able to safely withstand
the soak-back temperature peak expevienced in the cargo bay after
landing at a contingency field not equipped with a mobile air
purging unit.

Because of thes large quantities of LOX and LH2 that may be carried
in the orbiter resupply ternks and the dangers that would 2xist in the event
of a crash landing situation, unofficial plens are to provide the capability
for both dumping and landing-contained, in case gufficient time for full
dumping is not available as in a contingency abort situation {all SSME
engines out at 1ift-off). Emergency dunping capability involves the
addition of a high-flow pressurization syatem in the orbiter with sufficient
helium tankage to parmit dumping of 25,500 Kg (65,000 1b) of LOX/LHp
within 6 minutes for the case of an RTLS abort.

o Redundancy - No single mechanical or electrical failure will
endanger personnel) or equipment. As a design goal, no single
mechanical or electrical failure (except 1oss of power) will
preclude the transfer of propellant.

o Leakage ~ As a deaign goal, three independent mechanical inhibits
will be provided to prevent leskage or unplanned discharge of
propellant into the orbiter cargo bay or other enclosed areas.
Quick-disconnect fittinga should include means for verific.tion of
interface seal integrity by inert gas leskage checks before
exposure to propellants. Means should be provided for detecting
external leaksge from the disconnect during use, as well as from
other system components. Purging capability should be provided for
such contingencies.

o Nonitoring - Critical system measurements should be displayed and
audiable warnings and lights provided to indicate cut-of-tolerance
conditions. Critical valves shall have position indicators, and
automated override circuitry shall be provided to automatically
correct hazardous conditions through the proper sequencing of
electrical commands.
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o Propellant Datonation ~ Design and operating procedures shall be
such that propellant detonation can oot occur due to rapid
abiabatic compression of hydrazice vapors.

Ground Facility Modifications

Provisions must be added to permit handling, loading, dratoieg, purging,
and venting of LOX, LHy and hydrazine propellants transported ia the
orbiter. Continuous helium flow will be required for insulation purging
and, {n case subcooled LOX or LE; are required, heifum injection for the
loaded propellant tanks in the carge hay. A helium recovery/recycle
capability may also be desired. Specizl fiztures for rapi{d installation and
removal of fluild resupply tauks and associated plumbing from the cargo bay
may be required for maximizing utilizatfon of orbiter cargo capacity.

Orbiter Modifications

Installation of propellant and other resupply tanks will be required in
the orbiter, along with the mounting cradles, plumbing, emergency duamping
capability, quick disconnects aud monitoriug/control systems necessary to
safely transport and transfer such fluids to the SOC. The LOX and lHs
tanks will require special cryogenic insulation and helium purging, a&nd
specisl intermal baffling {o the tanks may be necessary te coatrol slashing
forces during boost.

If sub-orbital recovery of propellant residvals from the ET is to be
accomplished, a specially designed catch tank and traunsfer plumbing system
will be required, aiong with modifications of the RCS5 system to provide
attitude control in a mated condition and suitable thrust for settliag the
ET residuals.

Zero-G Propellant Acquisition and Guaging

Moderate developuent effort will be required to provide suitable systems
for scquisition and quantity guaging of LOX and LHE; under the zero-g
conditions existing during propellant transfer to SOC. Adequate acquisition
and guaging techniques are available but some zero-g hardware testing is
still required.

4.11 SHUTTLE TRAFFIC MODEL

In addition to the preceding analysis of specific techniques for the
basic S0C resupply fuanctions such as logistics module exchange procedures,
propellant traunsfer, etc., the need exists to develop a general feel for the
amount of SOC related traffic likely to appear. Traffic levels are needed
to assist {n system sizing trades and to determiune the crussover thresholds
for introducing new functions and/or facilities {anto the overall S0C
operating scenario. Traffic levels can also affect shuttle turunaround
operations and related grouund facilities as well as the need for Shuttle
improvements in delivery performance.
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Thus, the objective of this task is to develop a preliminary shuttle
traffic model using SOC logisrica requirements generated by the SOC System
Definition Contractor (Boeing Aerospace Company) and to then analyze the
main Shuttle interactions for their potential impacts on the Shuttle and
related STS facilities. Among the key questions and issues of interest are
the following:

(1) Should a dedicated Shuttle be applied to support SOC
operations?

{2) VWhat are the effects of Shuttle turnarcund time?
(3) Vvhat should be a fleet utilization policy or philosophy?

(4) How would the fleet utilization policy be affected by OTV
propellant storage on SQ0C? Alsc, how would scavenging of fuel
from the Shuttle external tark (ET) affect flight packaging,
fleet utiiization and overall costs and schedulea?

(5) How 3o the SOC and MOTV crew rotation requirements affect
fleet utilization policy?

These are the main Shuttle related questions. It is anticipated that
Boeing will further analyze the traffic implicationa for their impacts on
the SOC configuration and its growth requirements.

4.1.1 Traffic Model Construction

A preliminary Shuttle traffic model for SOC operations was constructed
by evaluating and adjusting raw payload and manifest data provided by Boeing
Aerospace Company. Adjustments were made to rule out several payloads which
either had physical incompatibilities with the orbiter bay or required high
orbit inclinations not compatible with the SOC at 28.5 degrees. Further
adjustments were applied to assure bay length allowances reflected the
installation of a docking module (7 feet of bay length) om all SOC supply
misgions and to provide additicnal Shuttle flights to return OTV stages for
ground refurbishment after 8 mission cycles. Raw data features and the
spscific nature of the s.justments are discussed in the following paragraphs.

Input data showing yearly occurrencea for each payleoad and/or flight
category dur_ag the years 1985 to 2000 are shown in Table 4.3. The
corresponding estimated number of Shuttle flights per year for ground-based
and space-based 0TV concepts are presented in Figure 4.40.

The corresponding total cargo mass per year delivered to S0C was
determined. Figure 4.4) and Table 4.4 present these estimates of total
required payloads to SOC for each year, in terms of net useful mass (special
support equipment and tank weights not included). These data were derived
from the original Boeing-supplied computer printout, in order to expedite
the schedule c¢f analysis work. The total fuel mass is essentislly equal ta
that in the revised version, but varies a small amount within given years.
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4.4 MASS SUMMARY - PAYLOADS TO SOC ORBIT (SPACE-BASED OTV)
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Year of } SOC Payluad Fuel (tonnes)* Other Adjustment Total
Flight (tonhes) Sceavenger Tanker Tota) (tonnes) (tonnesa) {tonnes)
1987 100,34 45.6 B2 127.6 227.98
1988 130. 39 81.8 82 163.8 417" -4,54° 203,82
1989 103.31 78.2 1 118.2 4.17° -4.54° 222.14
1990 117.65 82.9 123 205.9 407b .9,08° 318,64
1991 130.40 93.4 164 257.4 4.17° -9.08° 382.89
1902 138.76 40.9 410 450.9 8.34> -10.87%+9 587.13
1993 185,04 81.8 492 573.8 8.34P -10.87%4 756.31
1904 127.68 61.9 451 512.9 g8.a4P -8, 349 642.59
1995 228,37 55. 861 916. 12.51° -12.664 1,144.22
1996 345.97 68. 1025 1093. 12.51° -20,46%®| 1,431.02
1997 294.74 43.4 1230 1273.4 16. 68" -20.46%°¢] 1,564.36
1998 221.49 80.7 779 859.7 18.68" ~12.34%:¢ 1,084.43
1999 255.02 100.6 779 879.6 16.68° ~12.34%+° 1.139.88
2000 245.72 132.1 697 820.1 12.51° -15,88%¢ 1,070.45
Total 8261.3 10, 865.84
ROTES
a. OTY replacement for expended OTY
b. Added [ljights to Boelng data for refurbishment of OTV, 4.17 = 1 fiight in this summery
c. Space radar nolar does not go to SOC (deleted rrom payloads to S0C)
d MNanned sortle Lo GEO (HI-MOD) not feasible w!th selected OTV model
(deleted from payloads to SOC)
e, Manned GHEO platform servicing not feaslble with selected OTV model
{deleted from payloads to SOC)
. Fuel scnvenging and tanker proportions in given year are affected by actual aumber of
SOC payload flights and permisaible aize of payload. Total is not affected.
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Figure 4.41 includes an approximate breakdown of maas to SOC orbit
contributed by (1) the actual payloads to SOC {including the SOC crew
rotation/resupply), (2) the fuel required to supply OTV flights and (3) the
mass transport required for periocdic OTV overhaul flighta (every eight
flights of OTV reuse}. One flight (up and down) was allocated for each OTV
overhaul, on the asaumption that an extra 0TV vehicle is available to
replace the vehicle being overhauled. In counting such flights, it was
assumed that one of the OTVs at the SOC was used for an expendable OTV prior
to accumulating eight flights. Then, this 0TV mission would be followed by
a shuttle flight bringing up a replacement OTV which could accomplish eight
flights prior to overhaul. Note that the fuel mass was estimated by summing
the totals provided by tankers and acavenging operations for each year.
There is some carryover from year to year. To help understand the basic
makeup of these flights, Figure 4.40 also shows the estimated total volume
of all delivered paylcads in terms of (1) crew rotation flights and (2)
equivalent orbiter flights required merely tc meet the total cumulative
length requirements of all paylcads delivered each year. The latter was
calculated assuming an available bay length of 16.2 meters (53 feet), so as
to include a docking module on all flights. The remaining flights would be
required to account for OTV propellants, OTYV replacement and unusable empty
volume on flights where insufficisnt volume was available to accommodate the
next payload on the manifest list.

In performing this analysis it was noted that certain flighta required
bay lengths of up to 18.2 meters (60 feet); that is, no decking module could
be accommodated. The minimum number of flights potentially affected is
indirated by shaded areas. Combinations of two or more payloads with
lengths greater than 16.2 meters are not separately broken out. A revised
computar analysis of shuttle manifests was obtained from Boeing which
incorporated the veolume and masa restrictions of the docking module. These
manifests also account for data not included in Table 4.3, such as OTV
vehicles and tanker payloads destined to the SOC which are required to
transport payloada to GEQ or other orbits beyond the S0C.

Included in Fig. 4.41 is a shaded area indicating one example of how
much of the OTV fuel could be garnmered by scavenging from the External Tank
during ascent on non-tanker flights. The actual amount of such scavenging
is a function of the apecific payloads characteristics and orbiter lifting
capability. In turn, these factors are related by poasible matching of
payloads and scavenging tanks according to length constraints, mass and
other compatibility coustraints, to yield a total number of orbiter
fiights. The specific example shaded area shown was derived from the
preliminiry Boeing traffic model data. Although not included in the shaded
zone in the figure, ET propellant scavenging was applied to the tanker. Two
sizes of ascavenge tanks were assumed, one occupying 1.5 meters of cargo bay
length and having 4.7 tonnes mass capacity, and the other having length of 3
meters and 10.5 tonnes capacity.
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The main purpose of Figure 4.41 is to characterize the megnitude of the
total mags tranaport problem, not to examine in detail all of the possible
implications of scavenging aystems and payload matching interactions. 3Such
detailed interactions are deferred to future SOC studies. 1In addition to
the mass of S0C-related payloads listed above, each orbiter flight will
carry support equipment which is payload-chargeable to the orbiter flights,

such as docking modules, scavenging tanks, PIDAs or HPAs, lighta, etec. with

penalties as liated in Table 4.5. Such items may reduce the usable
effective cargo bay volume and launch mass carrying capability of the
orbiter for SO0C payloads. However, the scavenge tank set has the effect of
increasing the effective launch load carrying capability while reducing the
available cargo bay length for launch. If these support equipment items are
not required on some flights because of the nature of the payload or
offloading operations, increased volume and mass could be transported.

Applying the foregoing considerations to the yearly mass delivery
requirements, the preliminary flight rate data of Figure 4.40 were adjusted
to the results presented in Figures 4.42 and 4.4%3 . Figure 4.42 shows the
estimated minimum number of Shuttle flights per year based on the standard
orbiter which has 29.5 tonnes lift capacity and 16.2 metera of cargo bay
length available (behind the docking module).

Figure 4.43 i= based upon the use of an uprated orbiter of 45 tonnes
lifting capacity, also with 16.2 meters of cargo bay length available. 3Both
Figures 4.42 and 4.47 assume a space-based OTV. Both figures show the
breakdown of the number of flights allocated to SOC crew rotation end
re-gupply, SOC payloads, fuel tanker flights for OTV support, and an
estinate of flights required to refurbish and overhaul CTVs. The SOC
payloads include replacement 0TVs, {never more than cne in a given year).

To aid in understanding the level of space activity supported by these
flight rates Table 4.6 was prepared. This table summarizes the number of
payloads per year for each of 7 basic mission categories. How2ver, these
preliminary mission data and traffic characteristics represent just the
beginning. Much mission definition effort remains to be done in the
future. Contacts nmust be made with the user community to confirm, update or
establish the mission needs and to develop meaningful forecasts of market
growth for the services and products to be produced. These in turn must be
synthesized into sujtable mission and project concepta. Although much
remains to be done, these preliminary data give some correlation between
projected levels of space activity and the Shuttle traffic required to
support it.
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TABLE 4.5 POTENTIAL SUPPORT EQUIFMENT PENALTIES
t PENALTY
USE MASS LENGTH SAVINGS NASS®
ITEM PlT tonnes 1b oeters 41 tonnes b

& DOCKING MODULE XjX] 1.714% 3800 2.08 8.7%
® SCAVERGE TANKS 4 (¥OT SPECIFIED) 1.5 4.92 4.7 10,362

({BOEING) 4 3.0 9.84 10.5 23,152
& SCAVENGE TANKS x 0.383 &00 2.87 9.42 10.7 23,600

(ROCKWELL)
& SCAVENGE PLUMBING XX 0.091 200 N/A N/A

. {ROCKWELL)
® PIDA (2) X 0,181 400 NiA N/A
® HPA (1) ) 4 0.158 A N/A N/A
® TANK FOR TANKER FLTS ] 8T09 [18 TO 20K {NOT DRIVER) (3I2ZED FOR SCAVENGE)
& OM3 KIT

(EMPTY) X|x 1.35 TO| 2v73a TO 2.87 9.42

2.39 5275
{FULL)} Xix} 2.39 TO}15,380TO 3.87 9.42
19.23 42,408
* LIGHTS X|x (THD) (TBD)
® TV CAMERAS Xjx {TBD) NCGLIGIBLF
i L

*INCREASES ON-ORBIT DELIVERY MASS (NOT PENALTY)

1P = PATLOAD FLIGHT

T = TAIYIR FLIGHT

TABLE 4.6

MISSION CHARACTERISTICS, SQC-DESTINED SHUTTLE FLIGHTS

YEAR OF FLIGHT

_]

(ARl

BER_OF FLIGHTS
PLANETARY & LUNAR MISSIONS 1|1 rfryifrl2fa|f 1
GEOSTATIONARY PLATFORM OEL. 1)1 1l1isielsis|slulr|a
& SERVICE INCL GEO RADAR
GEOSTATIONARY SPACE STATION s{ulule
(MANNED) DELIVERY & SERVICE
MISS IONS
DEPT. OF DEFENSE MISSIONS 2|31 4 6|5i5}5]2 417
MISC. MULTIPLE PAYLOADS 2|1 1 1 1
DEBRIS REMOVAL (GEO & OTHER 1l2]2!s)2]1
ORBITS)
LARGE, SPECIAL PAYLOADS 1l2]2)s2]|1
DELIVERY & DEPLOYMENT

|
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4.11.2 Analysis of Traffic Impacts

Dedicated Orbiter

In light of the high traffic levels predicted, cne of the key questions
which arises is the possibility of dedicating cme or more orbiters to 30C
flighta. The greatesat value of such an arrangement is that ground
turnaround time (and thus costs) could be reduced. In addition, there is a
potential gsain in reliability, since there are fewer requirements for making
and breaking electrical connections and fluid comnections, less potencial
for ground handling damage of parts and fewer logistics and stoclking
problems. These gains are based on the prasumption that many of the same
equipmert items will be carried on all (or anearly all) SOC flights. Such
potential equipment items are liated in Table 4.7. In actual operaticens,
some jtems may be removed for savings of weight or volume, but the majority
would still be aboard all SOC-destined flighta.

In addition, most SOC-destined flights could omit atandard sleep
stations, as well as socme food and storage supplies.

Another option in thia regard is the airlock. With a dedicated orbiter
having committed the volume for a docking module on all flights, it could
well be advantageous to make the docking module also serve as an airlock.
The current multi-purpose docking module concept eatatlished during the SOC
atudy would probably require & separate kit of ECLSS equipzent located in
the crew cabin for pressure suit doanning and doffing. Thia equipment would
be mounted in part of the volume left by removal of the standard airlock.
The crew preparing to go out for EVA would don suits in the cabin, then
egress through the airlock. As noted in Teble 4.7, the weight savings couid
be approximately 905 lba.

The dedicated orbiter concept probably would not be ccat effective early
in the SOC program, since few flights per year would be required. The
optimum peint of introduction would be near the time when total traffic pex
year is sufficient to require all the flights which can be generated by cne
orbiter with the expected turnaround time. The longer the required
turnaround time, the sooner the orbiter should be dedicated to SOC
operations. Eventually, traffic could build up to the point where two {or
more) dedicated orbiters could be effectively used. If flight traffic to
the S0C exhibits large up and down variationa in succeeding years, it may be
desirable to return a dedicated orbiter to gensral service operations for a
time, until the expected treffic to the SO0C rises agsin.

If it becomes desirable to dedicate two orbiters to the SOC traffic, cne
may be set up exclusiveiy for tanker flights (plus some crew rotation).
This option is attractive becauae the number of tanker flighta in lester
years tends to equal the number {or other purposes. Certaialy, the
inatallation and renoval of a fusl tank involves a significant time
cona:raint in turnaround time, because of the masa, the bulk and the
plumbing involved. The tankers could omit PIDAs and prodably HPAs to
enhance load carrying carability. YHowever, installation of tenks withous
removing such equiprent might be censiderad as & time-saving festure for
turnaround operations, especially in earlier years when both tanker and
carge Tlignts could be supported with one orbiter.
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4.7 EQUIPMENT CONSIDERATiIOWS FOR A SOC~-DEDICATED ORBITER

B4 . : VEIGHT ESTIMATE
EQUIPHENT (TEMS MOD GROUND TURNAROUND SAVINGS (OrERATIONS) COST IMPACTS tonnes ib
® DOCKING MODULE (DM} ADD OMIT INSTALLATION, €/0 & REMOVAL TIME thREAlE +1.8 + 500
® STANDARD AIRLOCK OMIT | ) POSSIBLE MEMOVAL OF STANDARD AIRLOCK & -0.41 ~-505
ONE CHANGEOUT PER DEDt= .
® ECLSS/SU'T CHECKOUT D6C | ADD  fo Fo et T e rne sooute I} caTeo ORB:TER; SLIGHT (AIRLOCK SKELL WT)
(xIT) " i K urT INCREASE (NO CHANGE)
DON/CHECKOUT/BOFF EQUIP. IN CABIN
® PIDA (2) (EXCEPT OM ADD OMIT INSTALLATION, CHECKDUT, AND {NCREASE +0.18 +420
TANKER FLIGHTS?) REMOVAL TIME
® HPA (EXCEPT ON TANKER ADD INCREASE +0.16 +350
FLIGHTST)
® ALIGHTS IN CARGCO BAY, DX | ADD IRCREASE (MINOR CHANGE)
® ACANERAS IN CARGO BAY, DM | ADD INCREASE (MINOR CHANGE)
® AFD CONSOLE Mo MINIMIZE INST., C/0 & REMOVAL THME HINFIMAL {MINOR CHANGE)
® SEATS & RELATED EQUIP, ADD HINIMIZE LOGISTICS CuNTROL OPERATIONS. {INCREASE TBD) (HIHOR CHANGE)
— HiD-DECK (Tep) POSSIBLE SCAR WT PANELS IN FLOOR STRUC-
TURE FOR B-MAH SOC RESCUE l
® SEATS—CREW STA, AFD N/C HINIMIZE LOGISTICS CONTROL OPERATIONS (NO CHANGE) {NO CHANGE)
® GALLEY HOD MINIMIZE LOGISTICS CONTROL, REFURS. MININAL (MtHOR CHANGE}
® SLEEPING STATIONS VS. OMIT POSSIBLY ELIMINATE INSTALLATION TIME OF | DECREASE -0.06 | -t28
SLEEPING BAGS SLEEP STA. ADD SLEEPING BAG STOWAGE,
ATTACH PROVISIONS
® DEDICATED STOMAGE BOXES Hoo MINIHIZE LOGISTICS CONTROL, REFURB, DECREASE {RINOR CHANGE)
o S /e USE ON ALL MISSEONS #S LIKELY: WD MO CHANGE {NO CHANGE)
o IMPACT ON INSTAL./REMGVAL. (POTENTIAL {T80) {-0.5) {-1000)
OMIT 1~THHE REHMOVAL/REPLACEMENT FOR .
DEDICATED TANKER)
® SCAVENGE/TRANSFER SYSTEM| AOD QESIGN NOT DETERMINED; POSSIBLY SOME INCREASE +0.09 +200
FOR ET FUEL SCAR, SOHE REMOVABLE ITEMS WHICH WouLD
NOT BE HANDLED
® ELEC. HARNESS IN CARGO HoD OMIT CHANGES. TBOD DIFFERENCE IN WT,, HOD, INCREASE SHALL DECREASE
BAY (SPECIAL ITEM FOR OR ACCESSIBILITY V5. SHCH (Te0)
SOC FLIGHTS) ADD
® RENDEZVOUS EQUIPHENT N/C {TBD) MAY BE STANDARD FOR MANY OTHER MO CHANGE NO CHANGE
TYPES OF FLIGHTS
® THIRD CRYQ TANK SET oMIT ONE REMOVAL & REPLACEMENT PER (rod} -0.68 -1500

FOR ELEC. POWER

DEDICATED ORBITER
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The potential need and timing for introducing dedicated orbiters was
explored for the traffic projectiona in Section 4.11.1. Previous
Mgures 4.42 and 4.4% provide indications of how many orbiters could be
required per year to support the traffic to the S0C, based on differing
estimates of average total time for each flight and its associated ground
turnaround time.

The alternating long-and-short dashed linea extending horizontally
acrons the grapha show the maximum number of flights for one or two orbiters
per year based upon a l6-day interval betiween launches (l4-day turnaround
and 2-day mission). Where such lines cut across the vertical bars, the
traffic is presumed adequate to support and justify an orbiter dedicated
exclusively to the S50C-destined traffic. Along the right side of each graph
is a acale indicating the effects of increased turmaround time on the number
of yearly flights achievable with a single orbiter. Utilizing thease scales
the points of intersection with vertical bars were determined, and the
resulting trenda are presented in Fig. 4.44 for the standard orbiter. Thus,
Figure 4.44 presents estimates of the time when one might introduce
dedjcated orbiters for SOC flighta. The graph shows the number of years
from the beginning of SOC full-up operations (after 1986 in this model)
until various additional dedicated orbiters could be utilized for a period
of at least one full year. Also indicated are shaded areas representing
conditions in which one might wait until later, when two or more full years
of operation with a dedicated orbiter could he erxpected. For example, if
the average time between launches amounts tc 24 days, as many as four
dedicated orbiters could be utilized in peak traffic years. Figure 4.44
does not attempt to trace each case of poasible return to general aervice
operationa wheu peak traffic drops off. These data are based on the use of
a standard orbiter. A similar graph for the uprated orbiter (not shown)
would, in general, show longer times for introduction of dedicated orbiters,
with little need for a fourth dedicated orbiter.

Turnaround Tire

Figures 4.42, 4.43 and 4.44 showed potentisl influences of turnarcund
timv on introduction of the 30C-dedicated orbiter and number of shuttle
flizhts per year which could be accomplished by a given orbiter. These
considerations interact with S0C dedication concepts and total SOC/orbiter
fleet utilization. Potentially, when a SO0C-dedicated orbiter goes into
service there is a temporary improvement in fleet usage capability for the
remaining orbiters, since the S0C-dedicated orbiter should be capable of
accomplishing more flights per year due to lower ground turnaround
operations.

On the other hand, if orbiter turraround time cannot be held to a
pinimum, more orbiters would be needed to accomplish the misaions listed in
the time scheduled, and these orbiters would be required earlier as the
turnaroond time is lengthened. In actuality, the turnaround time should
tend to decrease s3 experience is gained. Thus, a line showing average
capability for a given orbiter over the years would heve a slope upward to
the right, more nearly paralleling the increase in traffic. Such a trend
‘would nmore atrongly favor early dedication of an orbiter to SOC-destined
traffic.
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Fleet Utilization Policy

The foregoing discusasion provides several insights related to orbiter
fleet utilization policy. For example, it appeara that there will be an
optinum time to begin utilizing one or more orbiters exclusively for SOC
opsrations after the program gets well underway. The timing is strongly
dependent on the ground turnarcund time and somewhat related to SOC stay
time. Other considerations involving equipment modifications for scavenging
external tank fuel could also drive toward early dedication of at least one
orbiter so as to minimize the number of tanker flighta.

OTV Propellant Storage on SuUC

Among the concerns listed early in this section were two queations
relating fleet utilization to storage of propellant on the SOC and
scavenging of fuel from the ET. The preliminary Boeing data provided a
comparison of number of shuttle orbiter flights required to support
space-based OTVs and ground-based OTVs. As shown .n Figure 4.40, the Boeing
data suggests that more orbiter flights would be required for ground-based
O0TVs early in the 30C program (first five years), but fewer would be
required later. FPresumably, this effect is largely due to the reduced fuel
requirements of OTVa returned by aerobraking techniques. The uprated
shuttle requires fewer flights than the standard shuttle to deliver the
required 0TV propellant to SOC. Kowever, in both cases a significant number
of additioral flights are required if the OTVs are returned to earth for
refurbish/overhaul after every eight flights. Boeing analysis has indicated
the period between overhaula could potentially be extended to about twenty
flights, vhich would significantly reduce the refurbish/overhzul flights.

RECOMMENDED TIME TO INTROOUCE
DEDICATED ORBITERS FOR SOC OPERATIONS A 3 AL YR OF
ZZZ w1 rri e oo

1-DIDICATED CRMTERS 4-DIDICATID OMITERS
3OEDICATED OAMTERS

YLARS AFTER 194
{AFTER 30OC READINESS)
-
L]
NOMINAL GROUND TURNALOUND

FIGURE 4.44 DEDICATED ORBITER INTRODUCTION STANDARD ORBITER
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Although it is beyond the scops of this study, there are a number of 0TV
sizes and concepts which must be analyzed to determine the most effective
cperational approach and design for use with the SOC. Significant
Aifferences in 0TV propellant requirements are possible for the wide range
of OTY concepts which can be considered. However, propellant will stil]l be
the largest single category of S0C cargo. Hence, the abilitr to store
propellants on SOC is very important to the overall logistica efficiency.
It allows propellant scavenging from the ET which reduces the number of
tanker flights. In conjunction with space basing it eliminatea 0TV size
conatraints over ground based OTV designs which must be delivered to orbit
while full of propellant and thus would be aize limited to the 65K lb
shuttle performance limit. Propellant storage also uncouples propellant
delivery schedules from specific mission schedules thereby easing fleet
management problems. Propellant can bes delivered on a routine basis rather
than in clusters of launches to support a given mission.

The specific effect on orbiter flights of scavenging ET fuel includes
some use of cargo bay volume for the fusl transferred from the external
tank. Boeing analyses assumed two possible tank sizes - 1.5 meters long and
3.0 meters long. Most of the combined payloads and single payloads could
accommodate one or the other of these tanks. As a result, sufficient fuel
was scavenged to save 2 to 3 tanker flights per year with a atandard shuttle
and one to two tanker flighta per yesr for the uprated shuttle (45 tonnes
capacity). In addition, tanker flights themselves could also deliver mors
fuel to orbit than that carried in the carge bay at launch. The Boeing
computer printout did not ceparately identify the savings associsted with
scavenging on these flighta, although it was included in the total
propellant delivery calculations. With the number of tanker flighta roughly
equal to the number of payload delivery flights in the latter years, it can
be eastimated that equivalent savings could be expected due to scavenging,
that is, 4 to 6 flights for standard shuttles and 2 to 4 flights for uprated
shuttles.

«11.3.5 Crew Rotation Effects

The available data for this traffic model analysis did not have
sufficient granularity to make significant analyses of crew rotation effects
on fleet utilization policy. However, it can be inferrsd that the projected
large number of flights, after approximately the first 5 years, would allow
a considerable flexibility of options in crew rotation scheduling. At
flight ratea of 40 to 50 per year, the OTV c¢rew would seldom have more than
one week to wait before they could be brought up to the SOC and/or returned
to earth. The conclusion from this brief consideration is that SOC and MOTV
crevw rotation requirements would have little or no effect on fleat
utilization policy.
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Boeing

Unpublished copy of computer printouts - Payload Descriptions and
Shuttle Traffic Model, Ground-Based and Space-Based OTV
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Unpublished computer printout - Shuttle Traffic Model for
Space-Based OTV Stardard and Uprated Orbiter Received March 17,
1981,

MSFC

Internal Memorandum - Preliminary OTV Mission Model -~ Revision 2,
Fsb. 27, 1980.
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5.0 FLIGHT SUPPORT FACILITY

Three principal cbjectives are identifisd for this task; (1) determine
the implications to the SOC to perform the activities aasociated with
spececraft assembly, launch, recovery and servicing, (2) determine the
implications to the Shuttle to perform these same activities, and {3) to
determine the unique requirements imposed on the space vehicle to permit
these space based activities.

This mectien is composed of the subjects of the servicing philoscphy
associated with space based servicing entivitiesg, the SOC arrangement
concept providing these services; the Shuttle implications when performing
similar functiona before SOC is available and the unique requirements
imposed on the spacecraft to permit space based servicing.

5.1 SUMMARY

Servicing Philosophy

A servicing philosophy is developed that addresses servieing of an
MOTV/0OTV. In gene:al, the philosophy is modeled after airline type practice
where maintenance (LRU replacement) is performed only as a result of
indicated deteriorating performance, failure of redundency, wear, o when
the time/cycle of critical equipment is scheduled for replacement. This

. philesophy avoids the replacement of a good operating unit when its
performance history does not warrant it. The incorperation of warehousing
facilities on the SOC to atore spare parts princirally for planned
replacement, but also for unplenned critical perta was identified. The
concept of utilizing replacesble system packages, similar to the
multi-migsicn system packages, mounted o the external surface of the space

vehicle is recommended. This concept permits removal/replacement by remote
or EVA methods.

The philosophy 2lasoc identified the deairability of providing dedicated
poaitions for the maintenance activities, particularly for the unscheduled
activities. The unscheduled positions can alsc be utilized for the storage
of large spacecraft elements. Both the scheduled and unscheduled
maintenance positions have the flexibility to be utilized Zfor either
function as the flight and maintenance rates dictate. The implementation of
thia philosophy is represented in the flight support facility configuration
concept shown in Drawing 42690-019, Appendix A.

Flexible Multiple Servicing Functions Capability

The praferred servicing facility concept has a hexagonal cross section
fixture configuration. This arrangement provides s.x positions that can be
utilized for assembly, staging and servicing operations. Scheduled and
unacheduled maintenance stations car be accommodeted and storage of large
units can alsc be accommodated with this concept. Multiple mobile servicing
manipulators provide acceas to all six pesitions.
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Crowth Capability

A servicing facility growth concept was developed. This concept I
considers that the early SOC operations will be concerned primarily with the {
assembly and preparation for launch of single stage OTV's with GEO
payloads. The OTV'a are designed for space based operations and would
return for mervicing and preparation for other similiar missions. As these .
activities increase and include MOTV missionas the facility can grow to i
accept the increased activity. The growth is accomplished principally by
adding another section of the facility fixture. Additional growth
facilities such as propellant storage can also be added when appropriate.

This propellant storage facility is independent of the servicing fixture i
growth and thus can be added at any phase of the SOC servicing facility :
growth.

OTY Operationa From the Shuttle i

Prior to S0C operations, the launch, recovery and servicing of an OTV
from the Shuttle may be deaireable. The analysis of this type of operation
for an 0TV designed to operate from the SOC indicated that the
characteristins required of the OTVY to be serviced from the SOC will permit
similar servicing operations from the Shuttle. The Shuttle docking module
and RMS preovide the holding and maneuvering activities. An adapter to the
docking module to hold the 0TV for the installation of the payloed is
identified. The adapter provides the capability to orient the 0TV stage to
asgist in mating the payload. The 0TV stage utilizes a atandard berthing
port at the forward end for mating of the payload. The PIDA attachments on
the OTV previde for the controlled deployment from the payload bay and will
also provide a nating peint to the docking module adapter.

5.2 FLIGHT SUPPORT FACILITY CONSIDERATIONS

Three principal areas of concern that need to be addressed in order to
develop the flight support facility and its operations are presented here.
The three areas are (1) spacecraft servicing (2) EVA and/:;r remote
manipulator ocperations and (3) facility growth.

5.2.1 Spacecraft Servicing

The objective of this task is to describe a servicing philosophy from
which fundamental requirements may be generated that can be utilized to
develop a SOC flight support facility. The servicing philosophy is
developed for servicing an MOTV/OTV as a model. Servicing of an MOTV/OTV
and other spacecraft are sufficiently similar so that this philesophy should
apply %o most servicing activities.

The issues considered in develorping the servicing phileosophy are listed
in Table 5.1. An MOIV model derived jointly by Rockwell International,
Boeing Aerospace and NASA/JSC also includes items that bear on

maintenance/servicing and these items are also considered (Table 5.2).
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TABLE 5.1 SERVICING PHILOSOPHY ISSUES

ISSUES

CONSIBERATIONS

* MAINTENANCE/SERVICING

* SCHEDULED MAINTENANCE
* UNSCHEDULED MAINTENANCE

* LEVELS OF REPLACEABLE
1TEHS

* LRU COMPONENTS
® SUBSYSTEM ASSEMBLIES

* SPARE PARTS, TOOLS, £7C.

* WAREHOUSING o SPECIAL EQUIPMENT
® STORAGE * CREW MODULES

s 0TV ELEMENTS

& PROPELLANT
& OPERATIONS * EVA

* PANIPULATOR

TABLE 5.2 MNOTV MODEL

e UNMANNED OTV MISSIONS WILL OUTNUMBEF. MANNED MISSIONS BY 370 1

= TWO-PERSON MOTV CREW COMPLEMENT
« NO AIRLOCK IN MOTV CREW MODULE

* SOC STOWAGE PROVISIONS FOR MOTV CREW MOLULE

* MOTV TURNARQUND OPERATIONS WILL INCLUDE AR EVA "WALK-AROGUND"

INSPECTION

o MOTV/OTV RETURN TO EARTH AFTER 8 MISSIONS FOR MAJOR GROUND OVERHAUL

» MOTV/OTV WILL HAVE SELF-DIAGNOSTIC CAPABILITY WITH BUILT-IN COMPUTER

SHITCHING TO REZDUNDANT URITS

o (ONSIDER TANDEM AND PARALLEL TANKINC STAGING ARRANGEMENTS FOR

SERVICING AT THE SOC
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Maintenance/Servicing

The SOC maintenance/servicing activities approach is modeled along the
lines of airline operations. This approach prescribes scheduled maintenance
to be performed periodically and unscheduled maintenance to be performed as
a result of failure, damage or ponding hazardous conditions. A space-based
operationa flow is depicted in Pigure 5.1. The activities that are
performed in the acheduled maintenance mode and those performed in the

unscheduled mode are indicated in Figures 5.2 and 5.3. Both MOTV and OTV
activities are indicated in these figures.

-The scheduled flow will include, at the outset, the inspection of the
vehicle phyaically and tha subaystem and performance data reviewed.
Replacement of time critical and performance degraded LRU's will be
performed followed by mechanical and leak checks and subsystem functional
checkouta, followed by a complete aystem checkout. All checkouts will be
frimarily automatic, controlled by the vehicle onboard computers. The
‘Tlight support facility will supplement the ornlcard computer by providing
data processing and analysis support. All software anslysis support will
also be provided in the flight support facility to minimize the software
burden on the MOTV/OTV flight computers. The scheduled maintenance
operations in the course of normal proceasing of an MOTV and 0TV would
replace those LRU's planned for replacement and those necessary tc bring the
subsystem within operating specifications.

The vnscheduled maintenance/servicing activities primarily perfora the
more difficult and inveolved repairs. Some examples of the type of servicing
and repairs are indicated in Figure 5.3. The unscheduled repair activities
are copaidered more time consuming than the scheduled servicing because of
the difficulty or complexity of the operstions, and because the required
parts may not be readily available to perform the operation. These repairs
wotuld only be performed when they were determined to be coat-effective
within the mission risk considerations. In order to maintain a given flight
rate in orbit it may be desireable to have MOTV/OTV units in storage aboard
the SOC. With this capability a spare unit could be processed as a
replacezent MOTV/0TV. ‘These spare vehicles would most probably be stored as
modular units since a total vehicle may not need replacement, but only a
modular element such as a propulsion unit or a crew module unit.

Levels of Replaceable Units

Tvo generic levels of replaceable units are indicated (1) LRU components
such as batteries, valves, pumps, etc., and (2) subsystem LRU's such as
communications subsystems, engine control unitas, ete. The selection of the
LRU level is a strong driver in the operations segment since it influences
flight support facility equipment, warehousing provisions, tocols, and
orbiter transport provisiocns. The geometry and size of the units,
particularly at the subaystem level, has a significant influence on the SOC
storage facilities 'nd also on the orbiter transportation packaging and
handling. The larger subsystem type unit offers advantages for space-basing
activities by minimizing the number of required interfacesa. Most interfaces
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will include mechanical fastening and utilities connectors, both electrical
and hardline. Te larger unit also has the advantage of a more complete
entity checkout and verification. An example of this subsystem type LRU is
illustrated in Figure 5.4 - The Multi Mission Spacecraft Subsystem Module.
As the space operations grow the repair or replacement of units within the
subaystem LBU's may become a feasible and desireable activity. This
capebility at the S0C would ephance the flexibility of the servicing
function.

Varehousing

Spare parts for supporting the spacecraft servicing acti- .ties are
required to be available at the site. The type of items antizipated to be
stored at the flight suppert facility are indicated ir Table 5.3. Storage
of spacecraft components may well require a conditiorned environment. This
requirement may be part of the item arnd need only be supplied with power
such as the MMS unit illustrated in Figure 5.4. In other instances,
eavironmental protection may be required. Consequently, an enclosed
environment for some items would be desireable. Anticipated long storage
periods may also indicate the desireahility of meteorite and debris
protection which would be afforded by an enclosed facility. Warehousing of
large items that may have been identified as unscheduled maintensnce items
may only require temporary satorage preparatory to installation. External
storage facilities for such infrequent activities need to he considered.
T™e warehcusing function, therefore, requires an enclosed area and an
external storage area that may accommodate both subsystem LRU's anpd
tenvorary storage of large items. The warehouse facility should be sized to
accommodate one OTV ship set of spares. The exact nature of these spares
need to be determined as part of the space-based OIV concept.

TABLE 5.3 TYPICAL ITEMS IN FLIGHT SUPI.ul FACILITY

iTEM TYPE/FUNCTIO! WAREHOUSE |
LRUs SUBSYSTEM MODULE
BATTERIES
SPECIAL TGOLS AND DEVICES END EFFECTORS
SPECIAL FIXTURES SERVICING SUPPORT
REPAIR KITS AND MATERIALS INSULATION, SEALS, FASTENERS
HANDLING EQUIPMEKT LRU & COMPONENT REPLACEMENT
SPECIALIZED TEST EQUIPMENT SYSTEMS ANOMALIES CHECKOUT
R
5=T




Storage

This function considers the containment of items such as the MOTV crew
module, apare OTV elementa as referred to previously, and the atorage of
propellants and other liquids such es hydrazine, and gases required for
preparation of spacecraft flight or for servicing tasks such as purging,
i.e., helium. A4ll of thess categories require the availability of rather
large volumes. The storage of propellants in particular must comsider the
safety of the SOC. Locating these tanks away from operationa activities
would be desireable to minimize their vulnerability to damage and
consequently be in a safer environment. The MOTV crew module atorage
location should consider a position tha* would meintain its habitable
environment to minimigze reactivation effort. The other large items such as
spare OTV elements need to be stored in such a positiza as not to hinder the
normal operations of the S0C, i.e., opace construction, spacecraft servicing
and orbiter docking.

The storage requirements are a big driver on the arrangement of the
total SOC configuration. A critical review of this capability is required
in conjunction with the development of the SOC configuration.

5.2.2 EVA and/or Remote Manipulator Operations

A significant issue in S0C servicing operations involves the question of
which furction should be performed by EVA operations and which should be
resdotely controlled and involve manipulator operations. During this study
such decisions were made informally, on a case-by-case basis as each
function in a typical OTV servicing operatiol. was analyzed. However, the
general philosophy for such selections developed by Rockwell over a period
of five years of construction analysis, is equally applicable to this
issue.

Allocaticona of ServiciqgﬁFuncticns to Man and Machine

Pundamental consideraticns for selecting men or machinery for specific
functions and environmerts are briefly summsrized in Table 5.4 (Refevence
1). Also, it was observed that space servicing has many critical
characteristics in common with space construction, although the degree of
importance may be different in several categories. Table 5.5 lists those
considered of signilicance and indicates how they may affect planning and
carrying out space servicing/maintenance operations.

A recommended process of methods selection for space construction tasks
(including checkout, repair and maintenance) is outlined graphically in
Figure 5.5. HNote that the potential tasks include assembly and equivment
inatallation which are also performed in space servicing, though typically
to a much lesssr degree than might be done for constructing a large apace
platform.

Following identification of viable candidate methods and tasks, the

first major methois selection considecation shown is environmental
constrainta. In the context of low earth orbit SOC operations and current
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TABLE 5.4 MAN/MACHINE CAPABILITIES

Human Superioricy

Machine Superiority

i.

Originalicy (sbilicy to arrive atc
new, different probles solutions)

1.

Precice, repetitive operaticns
(Do not suffer phvsiological
fatigue or loss of motivation)®

2. Reprogramming rapidly {as in 2. Reacting with minioum lag (in
acquiring new procedures) microseconds, nor. milliseconds)

3. Recognizing cartain types of J. Storing and recalling large
impending failures quickly (bov anounts of data
sensing changes in mechani:zal and
acoustic vibrations)

4. Detecting signals (as radar scope 4. Being sensitive to stimuli
recturns) in high-noise environ- (Machines sense energy in bands
ments bevond man's sensitivity spectrum)

5. Perforning and operating though 5. Monitoring functions (even under
task-Jverloaded stress condicions)

6. Providing a logical descriprion of 6. Exerting large amounts of forcer*
events (to amplify, clarifv,
negacte other daca)

7. Reasoning inductively (in diagnos- | 7. Raasoning deductively (in icdenti-

ing a general condicien from
specific svmotoms)

fving a specific ictem as belonging
to a lavcger class)

T*Not nccessarily true in space
construction-~especially n the
case of the s3huttle remore manipu-
lator svsten (RMS). .

8. Bandling unaexpected occurrences
(as. in evaluating altemate risks
and selacting the optimal alter-
nate, or corractive action)

*The Shuttle RMS accuracy is ques-
tionable a: this time (as coxmpared
to EVA-manual operations)

8., Ueilizing equipment beyend its
l1imits as necessary (i.e.,
advantageously using equipnent
faztors of safetv)

space suit capabilities, none of these constraints are considered as "show
stoppera.” However, it is generally undesireable to expose the crew to the
hazards, disconforts and fatigue of extravehicular operations unless there
are strong advantages in deoing so.

The next major constraints of concern are classified as involving
location conatraints. Experience has shown that a difficult minimal
clesrance access problem may be created by specific spacecraft
coufigurations, by servicing equipment or by a combination of both. EVA
operations may b2 a preferred means to solve such accrss/reach probiecs.
Aother possibility is that ary selected manipulator device zay be unadle to
reach far encugh to accomplish a specific task. Here a crew Zember, using




ORIGINAL PACE IS
OF POOR QUALITY

TABLE 5.5 SICNIFICANT CONSIDERATIONS FPOR

ALLOCATION OF SERVICING FURCTIONS

CENERAL SPACE OPERATIONS WwORK CONS|DERATIONS SPECIFIC SEAVICING METHODS CONCEANS
® TiME CONSTRAINTS /PREPARATION, REST, AECHARGE, ® CREW PRODUCTIVET,, ON-ORBIT STAYTINE COSTS
ETC.) ® SELECTION OF TAANSPORT METHODS. TOOLS, BEVICES
® RATES OF WORE ACCOMPLISHMENT ® SELECTION OF SEAVICING EQUIPMENT, CREW, TIOLS
® ACCumacy ® DECISIONS ON MEN V5. MACKINE
¢ SEXTEMITY ® SIZING MANIPULATJRS, SELECTING METNODS
® S1Z€ AND AEACH, TRAVEL DISTAWCE ® USE OF RACHINERY V5. CAEW FOR TRANSPORT
. ::?r:”“”“ 'WEIGHT, ROMENTS OF INEATIA ® FUANNING LOCATEON, ACCESS. EQUIPMENT USE, POVER
o V1S10N AND LICHTING ® DESIGN FOR COMPATIBLLATY, MININGA INPACT
. " i
o SYSTER INTERFACE REQUIRENENTS POWER SOURCES, EREAGY SUPPLY REQUIREMENTS, wiRenG
L ]
& POMER AEQUIAEMENTS TYPE, NUMBER OF EQUIPRENT OR CREW
L ]
o RELIAILITY DECISEONS ON DINECT VS. MEMOTE CONTAGL
L ]
o SAFETY AND CONTINGENCIES SELECTION OF MET#ODS, LREW PAGTECTION
o ExVIRONMENTAL CONSTAAINTS ® CREW ACCEPTABILITY, SAILLS M(a OF CREM
® SPECIAL HUMAN FACTORS AND MISSECK COWSIDERATions | @ COMPARISONS OF mETHODS FOR SERVICING
® QST CONSIDERATIONS
CAND EDATE
METHOLS
IOANTIFIUAT N CREW MACHIRE
A DESUKIPTION FATORS FACTURS
TOTENTIAL
COKSTRLCTLUN, SER- 4 [
VICING TASKS -y LOCATION
o STRATUME SNTRA 1S RN V. S spexy _resronencs, |
ASBEMELY o 1OMLIENG RAD, & RRM'H DIST. & BAZARDS &« WORE RATES
® RISSTON BXITE- ™« TEmaL » TRANSPURT * RESCUG, T TINES
MENT [H2TALLATION o RECHANICAL ® SUBASSEMSLY HETURN ® DEXTERITY &
_ . B PUTENTLAL ACCURALY
® CMach * CONTARIMATEOM Prakees L-—-r—
. i . & WASS PROPERTILS,
3 BREPAIR & MAINT, ® BASE STATION l o A
A Uk ORMITER MWCESS
t ® LIGHTING & visION
* POWER
. . *\ ® MELIABILITY
INTERFALES Fusg Ay
HATIOMAL SPALL LT e
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@ usTs
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FIGURE 5.5 RECOMMENDED METHODE SELECTION PROCESS
FOR LARGE SPACE STRUCTURES CONSTRUCTION
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either hand rails or a manned maneuvering unit {MMU), could potentially
solve the problem in an economical manner. However, the basic approach in
this study vas to select (or design) versatile equipment which could
minimire problems of aceess and reach.

Another major consideration is safety of the 50C crew, in the context of
the remaining potential hazards involved in the foregoing approaches. Of
particular interest to space servicing are such concerna as fuel transfer,
anags, impacts from moving squipment, elsctrical shock, and stored energy.

The next set of conasiderations strongly involves performance
considerations and productivity. It alse¢ involves trades of development
co9ts and schedules versus availability of equipment, potential impact on
involved systems (SOC, aarviced vehicls, orbiter and support oquipment) and
crew acceptance. Here the general considerations in Table 5.4 are
translated into quantitative and qualitative compariscns of specific
technical solutiocns, such as crew dexterity and RMS accuracy, transport
velocity versus mass and moment of inertia, power and energy demand versua
supply, and estimated reliability. In general, one velue of the conrept of
A SOC is presumed to be minimization of impacta on the basic Shuttle orbiter
design. Such conaiderations tend to favor incressed specialization of 50C
equipment and development of a relatively larmger, more powerful and
generally capable remote control capability in ita crew stations. However,
it is also presumsd possible and desirable to design EVA equipment, select
SOC cabin pressure levels and design airlocks, etc., to enhance EVA
operations in the vieinity of the SOC.

The consequences of this apprcach are that no EVA would be planned from
the orbiter docked or berthed at the SOC, and favor would be given to those
remote handling functions normally performable by standard RMS3
configurations. However, a docking module and a handling and positioning
aid vere considered as potential new equipment items.

Table 5.6 summarizes some general guidelines adopted for this study,
their supporting rationale and related apecific examples of implementation
methods are described in the Servicing Activities Data Sheets, Appendix D.

5.2.3 Facility Growth

An operations philosophy was daeveloped that was concerned with
describing the early flight support facility operations and determining how
to grow the facility to its full up capability.

Initially, the flight support facility operations may involve only the
support of & single atage OTY performing a LEO to GEOC and return type
mission. This type of mission can be accomplished with a relatively modest
flight aupport facility. PFigure 5.6 illustrates the type of missions

anticipated. Refueling of the OTV stage ias anticipated to be accomplished
directly from the orbiter.

5-11




et i - o = e R A~ | A e R oA e —

ORIGHNAL FAGE (&
OF POOR QUALITY

As the flight activity incresses it may be desirable to add fuel storage
capability to the 50C. Continued activity increases will probably include
MOTV missions. A two atage propulsion configuration appears likely for an
MOTV miasion. At this stage of increased mission ackivity a flight support
facility growth to include the capability to service MOTV's is neceasary.

TAELE 5.6 GUIDELINES AND IMPLEMENTATION SAMPLES RELATING
TO MAN/¥ACHINE FUNCTION ALLOCATION IN SERVICING

GUIDELINES

RATIONALE

SOL-SERVICE FIRTURE IMPLEMENTATION

TRANSPOAT

| @ TRANSPORT HIGH-MASS, BULKY
CGIJECTS BY AEMOTE MANIPULATOR
RATHER THAN EVA.

AND CRITECAL.
AMCES ARE COMPLEX & CRSTICAL,

ALENT.

EXCEPTION: CLEARANCES COMPLEX

USE EVA/CHERRY PICKER OR EQUIV-

® HIGHER VELCZITY TYPICAL WITH
REMOTE MANIPULATOR.

® Ty SCREEM HAS MINIMAL DEPTM
PERCEPTION. STERED TV IS
COMPLEX,

& CREW WIDE RANGE OF INSTAN-
TANEOUS VISION

® ON-5S1TE OBSERVATION DURING
TRANSPORT,

® TROLLEY-MOUNTED REMOTELY CON-
TROLLED MAMIPULATOR ON SERVICE
FINTURE {SF).

& RNS & PRESSURIZED CABIN OK R/CM
& ORDITER RMS FOR EXTRACTION FRONM

CARGO BAY
— e = . - ——
® CHERRY PICKER ON TROLLEY-
MOUNTEDR REMCTE MANIPULATOR FOR
SERVICE FIXTURE OPERATIONS

WORK S$TATiON QPERATIONS

® USE EVA FOR HIGHLY DEXTEROUS
OPERATIONS OF LOW FREQUENCY.

® USE EVA FOR CLOSE INSPECTION
REQUERING JUDGMENT OF GUALI-
[ 1TATIVE NATURE —

& USE REMOTE raNIPULATORS FOR
REMOVAL/REPLACEMENT OF
STANDART LINE REPLACEABLE
UNITS GESIGNED FOR ROUTINE
SERVICING.

® DESONSTNATED CAPABILITY AND
LOW DEVELOPHENT COST (WD
COMPLEX MACHINERY FOR CREIT-
ICAL TASK),

— S thbem — e—

® MINIMIZE EVA EXPOSURE TO
DISCOMFORT | WAZARDS, AND
DOM/COFF TIME LOSS.

& TAKE ADVANTAGE OF DESIGNS
FOR PACOICTRABLE WAMDLING
QPERATIONS ,

® EVA/CHERRY PICKER O TROLLEY-
MOUNTED REMOTE MANIPULATOR FOR
GENERAL INSPECTION AND CONTIN-
GENCY REPAIR/REPLACEMENT
OPERATHONS

® YSE OF SERVICE FIXTURE MOUNTED
REMOTELY OPERATED MANIPULATOAS ~
FIR OTV SUBSYSTEm LRU's
DESIGNED FOR REMOVAL/AEPLACE-
MENT BY MANIPULATOR

CARRIER
ASSEMALY

FIGURE 5.6
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SERVICE CONTROL MODULE

MOBILE AMANIPULATOR
SERVICING FIXTURE

\OTV DOCKING PORT

INITIAL FLIGHT SUPPORT FACILITY CONFIGURATION
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The flight support facility developed for this task illustrates the
initial SOC operations arrangement and the growth arrangements in
Drawing 42690-019, Appendix A.

5.3 FLIGHT SUPPORT FACILITY DFVELOPMERT

The flight support facility occupies the -Z gquadrant of the refersnced
SOC configuration with the stage assembly module (SAM) attached to the
service module as indicated in Figure 3.1. As configured, however, a
potential interfersnce exiats between the SAM and the vertical fia of the
orbiter when the docking 6° misalignment tolerance is imposed. Various
arrangement optione, Figure 5.7 were investigated that would meet the
general requirements for orbiter clearances, MOIV crew egress, and non
violation of tha space construction sector. The selscted arrangement,
option 2 of Figure 5.7, me* the general requirementsa, but contributed to
increased drag area and presented a potential Z axis assyretric
arrangement. A structursl adapter to support the SAM and MOTV was necessary
to accomplish this arrangement. tHowever, further development of this
arrangement has indicated the desirability of this concept which is highly
flexible in configuration, accommodations and support to OTV operations.

The atructural adapter not only provides the support to the SAX but also
provides the preasurized interface betwesn the crew module of an MOTV and

the SOC. This capability, therefore, permits the location of a servicing
control center to be incorporated within the adapter.

OPTION 2
C‘ ﬂ:. —— i}
—.<
T 1 WP \Vb
N |
et
| 4 u\luurenrrm
) \vlanl
\ “RcsmoouLE R
L.__ J looum
L 5T
» ORMTER VERTICAL FIN o ORSITER ! VERTICAL FIN ® CLEARANCE METWEEN
INTERFIRENCE INTERFERENCE WITH ORBITERS

ORBITER 2 RADIATOR
& INCREASED DRAG

FIGURE 5.7 CONFIGURATION QPTICNS
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The selected flight support facility which consists of the service
control module, formerly referred to as the atructural adapter, and a
servicing fixture, formerly referred to as the SAM is now located in the SOC
pressure Volume 2, Pigure 5.8. The service control module is envisioned to
contain all of these controls and displays required to support the flight
support facility operations and, in addition, can contain a redundant set of
basic SOC station operationa controls and displays. This arrangement,
therefore, can provide the SOC smergency control back-up station. This
back-up control capability concept dictates that the prime SOC control
center be located within the SOC pressure Volume 1.

5.4 SERVICING FIXTURE CONCEPT

One of the major operational facilitieu that characterize the SOC is a
space vehicle support facility. The facility is required to provide a
bertning capability to a variety of space vahicles and to assemble, inspect,
maintain and service the apace vehicles. The objective of this task was to
determine a servicing fixture (SF) arrangement that provides all the
required servicing facilities for a Manned Orbital Transfer Vehicle (MOTV)
as representative of the types of space vehicles that the S0C is required to
accommodate. To define a feasible arrargement, a set of criteria by which
to guide the development of the arrangement was eatablished as shown in
Table 5.7. Similarly, the cheracteristics of a reference MOTV concept were
derived jointly by Rockwell International/Boeing Aerospace/NASA/JSC. The
derived MOTV characteristica are:

(1) Assume the crew module is a separate module which can be detached
from the propulsion atages of the OTV.

(2) Purther assume the overall 0TV configuration centains an avionics
module which can cperate with or without a crew wodule. It will
provide the command and contrel functions for the OTV when operated
&3 an unmanned transfer stage but would also interface with the
crew module for on-board contrel functions when flown asa an MOTV.

{3) It is currently envisionad that unmanned OTV utilizations will
outnumber manned OTV missions by ebout three to omne.

(4) Thus, a SOC requirement exista for stowing the crew module until it
is needed. .

(5) Consider the MOTV crew complement to be two persons.

(6) Assume the MOTV {crew module) does not have an airlock. EVA during
MOTV missions will be provided by cabin depressurization.

{7) Pressurized access hetween the MOTV crew module and the SOC must be
provided during normal crew exchange and servicing operations. It
may also be considered for use during periods of crew modlule
stowage to provide extra habitability volume when both the S0C crew
and the MOTV crew are present.

5-14
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$OC PRESSURE 1 SOC PRESSURE
VOLUME 2 i VOLUME |
it S~ TUNNEL MODULE
SERVICE MODULE NO, 2 N HAB MODULE NO. 1
L \. SERVICE MODULE NO. |
CONSTRUCTION MODULE | ; ,{\
A 70
sevice = 2% l
CONTROL .
MODILE H : :
' .
i
e A
SERVICE FIXTURE | ‘ A
]
. . ha
| i

FIGURE 5.8 SOC PRESSURE VOLUMES

TABLE 5.7 SERVICING FIXTURE ARRANGEMENT CRITERIA

» ACCOMMODATE BOTH TANDEM AND PARALLEL TANK/STAG ING OTV CONCEPTS

* MINIMIZE CONFIGURAT ION-INDUCED FORCES ON SOC CONTROL (DRAG,
ASSYMEIRY, ETC.)

® PROVIDE SERVICING FACILITIES FOR OTVs, PLANETARY VEHICIES, AND SATELLITES
e PROVIDE FUEL STORAGE FACILITY
» PROVIDE ScRVICING CONTROL CENTER

e MAINTAIN ORB ITER CLEARANCE FOR BOTH A ONE-ORBITER ARRANGEMENT AND A
TWO-0ORB ITER ARRANGEMENT

® PROVIDE RCM ACCESS AND VISIBILITY TO SERVICING VEHICLES

e PROVIDE DEDICATED PORTS FOR:

= 0TV CREW MODULE
» LOGISTICS MOOULE/CRADLE
* MOTY
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{8) It is envisioned that the MOTV/OTY turnaround operations will
include an EVA "walkaround" inspection. This could involve the usae
of one EVA crewman plus one EVA crewman as backup. Crew workload
and task assignments should consider thkis function in conjunction
with SOC manning levels down %o as few as four crewmen. The role

of the MOTVY crew in these inspection operations should alao be
considered.

(9) Although the main emphasis is for space turnaround of the HOTV/OTV
vehicles, the occasional return to earth {after eight flights) for
major ground overhaul should be included in the determination of
space servicing functions.

(10) It is envisicned that all OTV/MOTV elements will have
self-diagnostic capability with built-in computer switching to
redundant units. This interacts with the amount of pre-knowledge
about failed equipment and servicing needs which will be available
before the OTV returns to SOC for servicing.

(11) Tandem and parallel tanking/staging arrangements should be

considered to determine the design implicatlons of the flight
aupport facility.

(12) The implications of both aero-braking and propulsive braldng MOTV
concepts on SOC based servicing and turnaround operations should be
considered.

(13) Assume that SOC will provide sufficient support provisions for the
MOTV crew so a3 not to require a special Shuttle flight for
returning the crew to earth.

The MOTV characteristics were the basis for a MOTV turnaround flow
analysis the result of which is shown in Figure 5.9. The flow chart was
developed in conjunction with two MOTV configurations, a three-drop tank
arrangement developed by Grumman Aerospace Corporation (Reference 2) and a
tandem tank arrangement as shown in Figures 5.10 and 5.11 respectively.

The major activities shown in Figure 5.9 were analyzed individually to
determine what features must be included within the SF so it can perform
these activities. The individual servicing activity data sheets which-
resulted from the analysia are contained in Appendix D. The aggregate
result of all the servicing activity data sheets is the SF arrangement shown
in Pigures 5.6 and 5.12. The major components of the 3S¥F are a control
module and a hexagopally shaped structural strongback that supports several
subsystems such as berthing/docking ports, two manipulators, refueling
provisions and storage compartments.

S.4.]1 Structural Configuratiocn
The SF structure is a linear shaped truss strongback with a hexagonal

eross section approximately 15.2m (50.0 ft) in length aa shown in
Figure 5.13. The hexagonal cross section measures 4.45m (175.00 inches)
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across the disgonal which is within the payload envelope of the orbiter
cargo bay. Siailar considerstions, including allowances for the decking
module, dictated the length of each section.
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The SF structural assembly is transported to the SOC as a fixed
structure. The control module i3 sized to neat within the SF so that the
total initial flight support facility can be delivered to the SOC with one
shuttle launch as shown in Figure 5.14. The SF featurss two
berthing/docking ports, ons on each end, and translation rail aystems on
four of the six hex facea. 1wo storage compartments and two mobile
manipulators are supported by two of the translation rail systems. One port
of the first section interfaces with the control moduls. Its second port is
utiliged for the docking of returning space vehicles.

5.4.2 Control Mcdule

To operate the entire flight suppert facility complex, a ¢ontrol module
is provided &s shown in Figures 5.12 and 5.15. Configured as a pressure
veagel and arranged to be av integratad part of the SO0C, the control mcdule
offers two important provisiors. 3By allowing all SF control functions to be
incoxporated in its design, the control module frees the SOC proper from
that activity. Secondly, it provides = stowage port for the MOTV crew
module during unmanned 0TV misalons.

The control module is a cylindrical shaped pressure vessel which
features three SOC-type berthing ports, only two of which are needed for
manned accesas. One port is located centrally on the cylindrical section
and ia utilized for mating with the SOC. The other two ports are also
located on the cylindrical section 180° away from the firat port. Ume of

SOC

p/ |

SERVICE FIXTURE
STRUCTURAL INTERFACE

FIGURE 5.15 CONTROL MODULE
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theae tvwo porta does not require manned acceas and it is utilized strictly
as a structural attachment for the SF strongback. The third port functions
a8 a stowage position for the MOTV crew module and as an egreas path of its
croew into the SO0C. VWhen the MOTV crew module, the SF control module and SOC
are mated together, an integrated shirt-sleeve environment is provided among
all the pressurized modules.

5.4.3 Servicing Pixture Subaystem Provisions

The SP must incorporate several major subsystem provisions so it can
fulfill its function a=s a complete servicing facility. Most saignificant of
these provisions are the berthing/docking ports, translation rail systems,
mobile manipulators, fluid transfer provisions and spare parts stowage
compartments. Tese provisions which are depicted in Figure 5.12 are
described separately along with some of their operaticnal requirementa which
influenced their configurations.

Berthing/Docking Porta

The structural strongback features two berthing/docking poris, ore on
each end. These ports can mate with any of the SOC ports and poasoss
several commonality features with them such as latches and guides. One port
which will be utilized for the docking of returning 0TVs and othar space
vahicles must incorporate the shock attenuation capability. Whereas those
used strictly as structural attachmerts and normally mate¢d by berthing
operationa will be paasive. With that guideline, one passive and one active
port, i.e., with shock attenuation provisions and utility interfacing
mechaniams, will be required on the structural segment. It should be noted
that unlike all other SOC ports, theae ports need not provide for manred
access. Consequently, all provisions nacessary for maunned accessibility
such as seals and life sustaining utilities will not be required.

Translation Rail System

Four separately operated translation rail system. are needed to support
the SF operational ectivities as seen in Figure 5.%.6. Two of the systems
are at opposite faces of the heragonal SF crosssection (180° apart) and are
intended to support and position OTVs and/or other space vehicles at the
proper SF work station during assembly and servicing operations. The other
two systems support end position two mobile manipulators which are utilized
as assembly and servicirg toels.

Two of the rail systems consist of a support rail that covers the total
length of the SF, and a transporter unit that can travel the length of the
support rail. The transporter contains a PIDA head device (Figure 5.17)

that interfaces and supports the space vehicle being serviced.

The remaining two rail systems support the mobile manipulators. The
manipulators and their typical usage are illustrated in Figure 5.16. The
manipulator is a remotely controlled device very similar to the RMS. It
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consists of three arms, tvo equal lengtha of 6.1M (20.00 f£t) each and a
wriat of 1.78m (70.00 in) length. The wrist will include an end effector
for interfacing with the varioua elementa of the space vehicle. Each of the
manipulatora is envisioned 1o have six degraes of freedom (similar to thre
RMS) in addition to its mobility along the translation rail system. The
elbow joint ia offset from the center line of the uppsr and lower ams
sufficiently to allow the manipulator to be stowed in a folded position.

Fluid Transfer Prcvisions

‘ An important activity of any manned space base such as SOC is the
capabllity to refuel space vehicles in apace. The contributions of the SF
to this capability include the routing of transfer lines along the SF, the
capabllity to make the connections of the fuel line to the upace vehicle,
and to provide the pumping power to complete the refueling operation. The
SF arrangement of Figure 5.12 provides for routing of fluid lines, valves,
pumps, etc., internal to the SF structure. Each fuel line ends with a
single degree of freedon arm and a quick connect/disconnect device. Once
the OTV/apace vehicle is poaitioned at the refueling station, the swing arm
can be awctivated and the refueling operation performed as suggesated by
Figure %.18.

Storage Frovisions

The configuration of the servicing fixture featurec a large internal
volume that ia dedicated for the stora<e of LRU's, other spare parts, tools,
and special equipment. Figure S.12 it...cates thia area on the SF and
Pigure 5.19 illustrates the storage ari ngement concept. Seven large
{1Mx1Mx.5M) subaystem modulator LRU's can be accommodated on each of the
compartment bulkheads. A swing arm handling device that has the capability
to tranaport and exchange these large LRU's and other types of articles
atored in this compartment is also provided. The compartment can bhe
accessed by either ons of two doors on the faces of the hexagonal shaped SF
structure. When opened, the doors fold and retract inside the SF struct._re
in a manner that will not interfere with the LRUa hanaling and exchanging
operations. The arm has five degrees of freedom and can handle/exchange
LRUa on both »-1kheads of the stovage department.

External storage facilities are also available if desired. Figure 5.19
indicates this capability i:lustrating the storage of the large LRU's on the
external surface of the SF.

On orbit propellant storage provisions are located on the +Y aside of the
SOC between the solar array support boom and the space construction ssctor
boundary. Two identical tanks are supported from a strong back structure
that is attached to the berthing/docking port at that location. The tanks
are sized so that radiator heat rejection interference is minimized.
Additional tanks can be accommodat ! from the strong back when required for
additional growth capability. The inatallation of this capability on the
S0C can be made at any stage of the evolutionary growth capability so
desired.
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5.4.4 Growth Capability

The growth capability of the SF is accomplished by installing another
section of the initial SP structure as shown in Figures 5.20 and 5.21. The
growth sectiou is berthed to the initial SF section at the end port that was
formerly used aa the docking port for returning OTV's. The growth increment
now containa the OTV docking port. Two additional rail systema ars
conteined on this growth section. The additional rails provide increased
capability to simultaneously service various space vehicles. All of the
rail systems are extended across the interface between the initial and
growth service fixtures. The two additional rail systems are alsc inatalled
on the initial section, thus providing the capability to service vehicles on
all six faces of the flight support servicing fixture. The growth
configuration will have sufficient length and the capability to support and
sorvize a tandem, 2 stage, MOTV, as shown on Drawing 42690-019.

5.4.5 OTYV Implicationa

The .mplicetions or requirerents immosed on the OTV/MOTV as determined
from the development ¢f the servicing functions have been identified in the
previous discuasiona. Each of the significant implications will be
deacribed in this section.

The principal implication is that the OTV stage be initially designed
for space based operations including refueling, servicing and maintenance,
and some level of repair activities. This implies that the structure as
well as the subaystems servicing corncepts, engine installations, .insulation
installation, all be designed specifically for space ¢gperations. The
shuttle launch criteria, however, is still applicable and must be
considered. However, auxilliary devices that could minimize the imposed
criteria on the vehicle and would be considered auy shuttle {light support
equipment should be seriously considered. The ultimate design will then be
the minimum weight OTV for space based operaticns.

The servicing functions trades and analysis indicated the desirability
to provide subsystem modular units that are mounted externally at the
electronics and systems section of the OTV. This arrangement permits access
to theae units (LRU'a) by the mobile manipulators of the servicing fixture.
The arrangement alaso allows for EVA operations if required.

Statuasing of the OTV systems prior to servicing and the check-out
oparations are performed by an umbilical(s) that intercomnects between the
facility servicing contrecl center located in the service control module and
the OTV. This arrangement permits monitoring of the systems status by the
crew in a shirt sleeve onvironment.

Other umbilical interfaces have been identified for the propellant

refueling operations, and the refilling of the other fluids and gases
necessary for the operation of the OTV and MCTV stages. Interface
provisions for line and tank purging operations have also been identified.
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An independent cerew module that can be attached or detached and stored
on the SOC was a requirement 1dentified in the jointly developed MOTV/OTV
model. A berthing port and utilities interfaces to accommodate this
requireusnt is therefore, imposed on the OTV. This berthing/docking port
also provides the initial sttaching provisiona for the OTV when returning to
the SCC for servicing. The port is contrally located at the forward end of
the vehicle.

The provisions on the 0TV for the attachment to the servicing fixture
utilizes the PIDA provisions that have been identified for the controlled
deployment of the OTV atage from the orbiter's payload bay. No additional
provisions, therefore, are required to facility the securing of the OTV to
the servicing fixture. Grappling provisions are required, however, for the
tranaportation of the QOTV stage from the orbiter to the servicing fixture.
The same grappling fixture may be utilized to tranaport the docked, returmed
OTV from the end of the fixture to the fixture translation rail system.

Additional capabilities that would permit the replacement of large items
such as the main engines and insulation panels need to be determined by
performing trades of space based replacement va ground replacement.

5.5 MOTV/OTV OPERATIONS FROM THE SHUTTLE

The objective of this task is to determine the requirements/implication
on the Shuttle and on the MOTV to perform flight support services from the
Shuttle as an evolutionary atep to the implementation of the S0C.

The analysis concerning servicing »f an MOTV/0TV from the SOC has
identified certain requirements that are imposed on the OTV. is task that
is concerned with the assembly, launch, and servicing of an OTV from the
Shuttle Orbiter uses an OTV model that has incorporated the requirements as
defined from the SOC servicing analysis. This OTV model, therefore,
representsa a space-based design. Table 5.8 lists the significant provisions
that are incorporated on the space-based design OTV that are associated with
the servicing and handling operations.
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TABLE 5.8 SPACE-BASED OTV SERVICING PROVISIONS

e STANDARD BERTHING PORT AT FORWARD END

TWO PIDA ATTACH PROVISIONS GN BODY

GRAPPLE FITTINGS TO ACCOMMODATE RMS

EXTERNALLY MOUNTED SUBSYSTEM PACKAGES (LRU)

ELECTRICAL UMBILICAL INTERFACE

PROPELLANT FILL INTERFACE

HYDRAZINE & HELIUM FILL INTERFACES

OTV Crbit Assembly Operations With the Orbiter

OTY ip-orbit assembly operations utllizing the orbiter in the conduct of
LEO to GEQ missions i3 a precursor to MOTV/OTV operations from the SOC.
In-orbit assembly of the tandem configuration MOTV/OTV requirea three
support flights of the orbiter to stage a launch mission. For this study
the LEO to GEO mission is assumed to be a paylcad delivery miasion.

The three orbiter flights supporting OTV assembly are as follows:
{1) Delivery of propulsion unit to orbit

(2) Delivery of payload to orbtit and assembly with propulsion
unit

(3) Delivery of propellant to orbit, fuel transfer, and final
checkout

The firat flight delivers the OTV to orbit. The PIDA provisions on the
OTV permit the deployment of the OTV from the payload bay. Checkout of the
OTY from this position appears feasible. Checkout would be accomplished
with the aid of an umbilical line interfacing with the provisions on the
OT¥. The OTV would be deployed from the PIDA holding position by the RMS
after which the OTV atabilization system is activated.
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The second flight consists of the payload package and a docking module !

docking/berthing interface and creates an interface that will accept the
PIDA provisions on the OTV, Figure 5.22. After the adapter installation has :
beer made, the RMS captures the 0TV and places it on the docking adapter,
Figure 5.23. This arrangement holds tha OTV in position to accept the .
payload. The payload is transported by the RMS and is attached to the OTV A
utilizing the standard berthing port. This assembly is then placed into

orbit after undergoing a checkout procedure and again activating the
atabilization ayatenm.

The third flight fuels the a&ssembly through the appropriate interfaces
while it is secured to the docking adapter. ILeak checks are performed after

refueling. After final checkout the assembly is deployed from the orbiter
by the RMS and the OTV mission commences.

Servicing of the OTV is accomplished from its position atop the

docldng/berthing adapter. This position permits the RMS itself or with the
open cherry picker (OCP) to perform the services neceasary to prepare the
OTV for another miasion.

Ko varehousing capability is provided for this mode of 0TV gservicing.
Consequently, the degree of on orbit servicing from the orbiter will depend
on the condition of the OTV, the availability of orbiters for tranaport of
spare parts, and ultimately the decision of the misaion director.

PIDA HEAD

FIGURE 5.22 DOCKING MODULE ADAPTER

COCKING
MODULE
INTERFACE

JE——
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FIGURE 5.23 OTV/MOTV IK-OREIT ASSEMBLY FROM ORBITER

Ro significant impacts to the ocrbiter to perform the OTV assembly,
servicing, and checkout are anticipated. The docking/berthing adapter,
propellant transfer equipment, and any unique checkout equipment are the
only unique equipment identified to perforn these functions.
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6.0 CONCLUSIOR

This section summarizes the conclusions that have resulted from the five
basic tasks. The conclusions are organized by the SOC program elements
rather than by tasks. The conclusion statements will emphasize the
implications to the SOC, to the Shuttle, and tc an OTV. The unique
equipment required to support each of the elements is also included.

6.1 SOC IMPLICATIONS

-]

o

Fly a variable sltitude to optimize Shuttle Logistics Delivery

All module mating interfaces and other potential mating
interfaces to be a "atandard” configuration

All interface ports to be "passive” - no active attenuation

Provide appropriate location and number of RMS grappling
points for all SOC modules and assembl.es

All meodules to have twe PIDA attach points for cargo bay
deploynent :

ALl hatches at berthing interface to contain a window and
provisions for mounting a TV camera for berthing alignmen
viewirng thru window :

Provide mounting for two lights within interface port for
alignment target viewing

Accommodate provisions on exterior of interface hatches for
mounting alignment target

Provide adequate CMG and RCS control to astabilize vntended
nodule assemblies during SOC buildup

Primary Shuttle mating port to be oriented to permit orbiter
tail down orientation

Provide berthing/docking accommodations for second orbiter on
habitable module connecting tunnel at second habitable volume

SOC to provide fuel transfer control

Accommodate fuel tranafer line on SOC exterior including
active orbiter interface segment

Accommodate propellant atorage facility {growth capability)

u=-1
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1
o Accommodate f£light support facility ( A
o Provide lights on RCM cab with tilt and pan capability

° Provide TV and a light on the RCM manipulator wrist and on the
elbow both with tilt and pan capability

o Provide colored marker lights at extremities of SOC -
approximately 45 required

6.2 SHUTTLE IMPLICATIONS

) Provide accommodations for a docking module interfacing with
the Spacelab tunnel adapter

o RMS software modifications required for berthing orbiter to 50C
o Provide accommodations for two PIDA's
(] Provide accommcdations for & HPA

o Provide accommodetions for two additional passenger seata in i
the mid deck of crew cabin

o Provide tilt and pan light on aft bulkhead 1

c Provide a HPA to standard mating interface adapter with a
fixed light and TV kit

6.3 0TV IMPLICATIONS

o Provide standard berthing port at forward end of 0TV gnd MOTV
crew module

o Provide two PIDA attach points on body of OTV for Shuttle
payload bay removal and servicing fixture attach

1] Provide independent manned module for MOTV missions

] Provide externally mounted aystems packeges with two point
attach pxjmrisions

o Provide electrical umbilical for servicing facility
interface(s)

c Provide purging facility interface(s)
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Provide propellant f£ill interface(s)

Provide engine removal/replacement capability (trade study)

Provide external insulation removal/replacement capability
{(trade study)

Provide other liquid and gas fill umbilical interfaces

Provide grapple points for manipulator{s} and RMS
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